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Introduction

The objective of the database development task is to produce a propulsion database
which is easy to use and modify while also being comprehensive in the level of detail
available. The database is to be available on the Macintosh computer system. The
task is to extend across all three years of the contract. Consequently, a significant
fraction of the effort in this first year of the task was devoted to the development of
the database structure to ensure a robust base for the following years’ efforts.
Nonetheless, significant point design propulsion system descriptions and
parametric models were also produced.

It is desirable that the database be usable for both the preliminary analysis of whole
classes of propulsion systems (e.g., a booster engine using LOX/RP for a wide range
of thrust levels) and for the analysis of existing propulsion systems (e.g., SSME, RD-
170, etc.). Since it would be very difficult to fulfill both these uses with only one
database structure, it was decided to develop two separate tools, one for each type of
usage.

The first usage (analysis of classes of propulsion systems) is normally implemented
by a series of unrelated tools written as spreadsheet models, or as dedicated code
(most commonly written in Fortran) and running on mainframes, workstations, or
PCs. These tools normally can not communicate with each other and are written
without common structure — they calculate weight breakdowns to different sets of
components even for similar engine types and calculate performance in different
manners. This usage requires large amounts of calculations, methods of data
presentation unique to each propulsion type (and sometimes to different engine
classes within a type), and benefits from automated parametric data generation and
automated preparation of graphs (e.g., weight versus mixture ratio).

The commercial tool type which comes closest to meeting these needs is a
spreadsheet, particularly one with good graphing capabilities, an extensive
scripting or macro language, and the ability to access external code written in
different computer languages (especially Fortran). Both Resolve and Excel were



considered and Resolve was chosen because its scripting language is extensive and
very easy to use even by casual users, and because its charting capabilities
(including the scripting of all elements of each chart) were more extensive than
Excel (at least until Excel 4 which was not available to the author at the time). It
subsequently became known that Resolve also puts fewer limits on the use of
Fortran externals than Excel. This second usage type will be referred to throughout
the rest of the report as a “parametric propulsion database”.

The second usage can be implemented with a classic database structure where a
large number of pieces of information (as numbers, text blocks, and
pictures/graphics) about each of a number of specific existing or conceptual
propulsion systems is stored. The information describes the single design point
engine with some information about operation at off-design conditions. Each
propulsion system can be stored as a record with the individual pieces of
information stored as fields within the record. Minimal calculation is needed, but
the ability to sort, group, and aggregate (i.e., all engines using RP with vacuum
thrust above a specified number) is needed. Consequently, for this usage, referred to
throughout the rest of the report as a “propulsion system database” a commercial
database was chosen. Both 4th Dimension and FileMaker Pro were considered.
FileMaker Pro was chosen because it is much easier to change, both in structure
and output, even by casual users. It is also much more readily available because of
its much lower cost, cross platform capability (Macintosh and PC with Windows),
and lack of need of dedicated, experienced users.

Each of the two propulsion databases, parametric propulsion database and
propulsion system database, are described in the rest of the report. The descriptions
include a user’s guide to each code, write-ups for models used, and sample output.
Because of the large number of pages of figures in relation to the length of text, this
report is structured with the text all at the front and then followed by the 90 pages of
figures relating to the parametric propulsion database, which is in turn followed by
the 151 pages of figures relating to the propulsion system database.

An appendix includes three technical notes describing how to attach external code
written in Fortran to both Resolve and to Excel. These procedures were developed
during this year’s effort with the Excel work done on Rocketdyne resources and the



Resolve work done on a combination of contract and Rocketdyne resources.
Interactions with tech support at Claris (the publisher of Resolve), Microsoft (the
publisher of Excel), and at the publisher of the Macintosh Fortran compiler used,
indicate that the use of Fortran externals with either Resolve or Excel breaks new
ground. This capability will be extremely useful for the parametric propulsion
database throughout the rest of this effort and should be very useful in general to
anyone within the aerospace community using Macintosh computers.



Parametric Propulsion Database

The parametric propulsion database was developed using the Macintosh
spreadsheet Resolve, version 1.1v1l (published by Claris). It was developed on a
Macintosh II fx running system 7 with the tuneup kit. It was developed using an
Apple 13 inch color monitor. It has been checked in black and white mode, on a
limited number of other Macintosh computer types, and with system 6.0.5. Two
problems were encountered during these checks: some color choices were changed
to work in black and white mode, and the Fortran externals were recompiled in two
forms so they would work on Macintoshs without math coprocessors, but would also
take advantage of the coprocessors when present.

The parametric propulsion database consists of two files and one folder (which in
turn contains three files):
Parametric Database
Library
Externals
OHSCC
ORPGG
NuclearRkt

The file “Library” and the folder “Externals” must be in the same folder as the
application “Claris Resolve”. The file “Parametric Database” can be placed
anywhere. None of these file or folder names can be changed because they are used
explicitly by name in calls by scripts in the database. The file “Parametric Database”
is a Resolve spreadsheet which is double-clicked to run the parametric propulsion
database. It uses the file “Library” to update its worksheet script. “Library” contains
a number of functions which are called by other scripts. The file “Library” is
actually only needed when changes are made to the worksheet script. The program
will run without “Library” (although two error messages will occur) but changes
cannot be made, even temporarily, to the worksheet script. The folder “Externals”
contains the three compiled Fortran codes (with embedded hooks written in C — see
Appendix) currently used by the database.



The model requires the fonts “Bookman”, “New Century Schoolbook”, and
“Helvetica” be installed (Postscript or True Type). If they are not available then most
screens and output will be difficult to read and many words will not be fully visible
in their defined columns. All three of these fonts came with the various Apple
LaserWriters (and many other printers) and are readily available. The use of Adobe
Type Manager (ATM) or True Type (with the True Type versions of the fonts) is
highly recommended to improve the readability of the screen.

To run the database simply double-click on the file “Parametric Database”. The
current version (version 1.4, 5 April 1993) contains the following models:

Solid Fuel Boosters
Large Motors (328K-8.9M Ibf) using ASRM (ANB3652) propellant
Large Motors (328K-8.9M Ibf) using neutralized Mg (DL-H435) propellant
Medium Motors (62K-328K Ibf) using neutralized Mg (DL-H435) propellant
Large Motors (328K-8.9M 1bf) using non-chlorine (PGN/AN/AL) propellant
Hybrid Boosters .
Large Motor (380K-21M 1bf) using Og as oxidizer and HTPB and escorez as
fuel — pressure fed
Cryogenic Engines
Large (100k-2M 1bf) LOX/H2 engines using staged combustion cycles
Hydrocarbon Engines
Large (500K-3M 1bf) LOX/RP engines using gas generator cycles
Nuclear Thermal Propulsion
NERVA derived prismatic fuel solid core rocket.

The solid fuel rocket booster and hybrid booster models are implemented as
spreadsheet models, while the liquid engines and the nuclear engine are
implemented as Fortran external functions.

The basic philosophy of the model is to navigate a large spreadsheet by means of
buttons that the user “clicks”. The buttons invoke scripts which change what portion
of the spreadsheet is displayed (i.e., moves to the next “screen”), change the screen
scaling to make the display fit, write spreadsheet formulas and data, or call
external code. The buttons are where most of the “action” occurs and where most of



the calculation is done. The model is structurally dependent on scripting and the
use of Fortran externals. About 50 pages of scripts are used and over 130K of
compiled Fortran external code is used.

Code Overview

Figure 1 shows the result of double-clicking the file “Parametric Database”.
Pressing the continue button takes the user to Figure 2 which is the main
navigation screen. Only the Cryogenic, Hydrocarbon Fuels, Solid Fuels, Hybrid RB,
and the Nuclear Thermal buttons are currently active. The Return button, which is
present on all screens, always returns to the previous screen.

Tracing the models under the Chemical label, pressing the Cryogenic button brings
up Figure 38 and pressing the Hydrocarbon Fuels button brings up Figure 4.
Pressing either of the Large LOX/H2 or Large LOX/RP buttons brings up Figure 5.
The figure will be slightly different depending on which button was pressed. Since
the LOX/Hg and LOX/RP models are implemented as external Fortran code, there
are no equations under the numbers in the cells as would be expected in a
spreadsheet. Because the same piece of spreadsheet “real estate” (i.e., the same
cells) are used for both the LOX/H3 and the LOX/RP models, the Calculate button in
the upper left side of the screen must be pressed to produce numbers for the weights,
lengths and performance. The independent variables, and the ranges through
which each can be varied and remain within the validity of the model, are shown in
the upper part of the screen on the yellow background. To examine a new case,
change any or all of these independent variables and then press the calculate button.
New values for the results will appear in the cells.

Pressing the “English Units” button changes the button name to “Metric Units” and
changes the results (only) to metric units. Pressing the button a second time
reverses the process. The Print (Report) button sets up for printing the page (without
buttons) in portrait mode and stripped of color. The Print (Briefing) button sets up
for printing the page in landscape mode and stripped of color. These buttons work
the same on other screens. The page setup dialog box will always come up because
Resolve script does not have a means to specify landscape versus portrait mode, so
the user must click the appropriate icon.



The model can be used to generate parametric data and produce a table and selected
graphs of that data. To do so, press the Graphs button and the parametric
generation screen of Figure 6 will appear. This screen shows the variables which
can be used for parametrics as titles within yellow buttons. The parametrics
possible are one dimensional, only one variable can be varied at a time. To make a
parametric run using one of the independent variables that are shown on the yellow
buttons, choose a range of the variable to vary. Input its starting value and its
ending value in the column "Variable to Change" (within the limits that are shown
under each yellow button), along with the number of discrete points (11 maximum)
to calculate (the variable values must be evenly spaced throughout the range which
is why only the number of points, as opposed to the actual values, is input).

The column "Other Independent Variables" shows the values that will be used
during the parametric run for the variables other than the one being varied. Use
this column to change these values to those desired for the parametric run. These
values start as the values from the previous screen, but they will change as
parametrics are generated taking on the last value of the range used if they have
been used in a previous parametric run. They should always be checked. When
satisfied that the input is as desired, then press the yellow button that has the name
of the variable that was chosen to vary. Pressing that button actually replaces the
chosen independent variable in the screen of Figure 5, reads out the results, places
them into a table and graphs, changes the variable again, reads out the results
again, ete.

After the yellow button is pressed to generate the parametric run, a portion of
Figure 7 appears. This table can be printed (Figure 8) and graphs can be
individually accessed by pressing the yellow Weight, Lengths, and Performance
buttons. Examples of the graphs are shown as Figure 9-11 and an overview of the
table and graphs is shown in Figure 12.

The route for the Solid Fuels goes back to Figure 2 and when the Solid Fuels button is
pressed, Figure 13 is seen. These four buttons invoke the different models used for
the different solid rocket boosters. They actually use a script and rewrite the



equations in the cells shown in Figure 14. The same piece of spreadsheet “real
estate” is used for each model (except the Medium Motor model) but with new
equations, titles and words for each different model. Because the solids use
spreadsheet models, when an input is changed in Figure 14 the result changes
immediately and there is no “Calculate” button. The “English Units” button changes
to “Metric Units” when pressed and changes the output (only) to metric. It reverts to
“English Units” when pressed again.

If the Graphs button is pressed, Figure 15 appears. This screen allows the user to
generate parametric tables and graphs by varying any of the independent variables
as was described for the LOX/Hz and the LOX/RP models. The results of the
parametric run appear after pressing the yellow button with the title of the variables
chosen and are seen as a portion of Figure 16. The table can be printed as shown in
Figure 17, and the graphs are accessed, individually, by pressing the Weights,
Lengths, Mass Fraction, or Performance buttons. They can be printed when
accessed as shown in Figures 18-21. Figure 22 shows an overview of the table and
graphs.

The route of the hybrid rocket booster model goes back through Figure 2 where
pressing the Hybrid RB button brings up Figure 23. The buttons on Figure 23 work
the same as those described for the other models. Pressing the Graphs button brings
up Figure 24 where parametric runs can be made as described for the other models.
After generating a parametric run a portion of Figure 25 appears. The table can be
printed or the graphs of Figure 26 accessed and printed as shown in Figures 27-31.

Tracing the Nuclear Thermal button, pressing it brings up Figure 32 where only the
Solid Core button is currently active. Pressing Solid Core goes to Figure 33 where
only the Prismatic Fuel button is active. Pressing it goes to the model for the NERVA
derived nuclear thermal rocket (Figure 34). This model uses an external Fortran
code and thus there are no equations under the numbers in the cells. Instead the
user changes the inputs as desired and then presses the “Calculate” button to
produce changes in the output.



Individual Model
Solid Fuel Models

The design equations are the result of a multivariate regression of a matrix of
designs produced by Thiokol’s Solid Rocket Motor Automated Design Program
(ADP). The results of these equations produce solid rocket motor preliminary design
data within the ranges over which the regression was performed. There are a
number of assumptions underlying the motor equations. These are factors which
were held fixed during the creation of the database upon which the design equations
are based.

These equations assume T650 graphite epoxy filament wound cases. The web
fraction, or proportion of the case diameter filled with propellant, was held constant
at 0.75. Also held constant were the burn rate exponents, propellant densities, and
the ratio of throat to port diameters for the respective propellant types. Nozzle
submergence (defined as the nose to boss distance divided by the nose to nozzle exit
distance) varied from 5 percent to 30 percent. The nozzle length reported in the
design equations is from the aft case boss interface to the end of the nozzle, i.e.,
external nozzle length. A finocyl grain design was used for all propellant types. The
finocyl design has a finned grain (typical of the Shuttle Solid Rocket Motor) for part
of the port length and a simple cylindrical port for the remainder of the port length.
Silica filled EPDM internal case insulation was used. The booster elements were
divided into six categories: nose cone, external insulation, forward skirt and
attachment, aft skirt and attachment, separation system, and miscellaneous which
includes electronics, instrumentation, raceway, thrust vector control system, etc.

The motors were all designed to a thrust trace similar to that of Figure 35 (which is
that of the current space shuttle solid rocket boosters).

The parametric design equations were formulated as follows:

s A proprietary Thiokol design program called ADP (Automated Design
Program) was used to generate a matrix of designs based on a set of input
data spanning predetermined parameter ranges.
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« The ADP determined a design for each set of the input parameters by
using the in-house design codes for the case, insulation, nozzle and
ballistics and the NASA-LEWIS thermochemical program.

« Once the matrix of designs was created the Number Cruncher statistics
package was used to do a multivariate regression on the independent and
dependent variables.

The generation of the parametric equations followed two steps. First, the logarithms
of each independent variable and the dependent variables were taken. A regression
was performed on the logarithms resulting in a factor with terms to various powers.
This factor was used in a linear regression along with other terms to give an
expression for the dependent variable in terms of the independent variables.
Regression variables were based upon the physics of the problems plus input from
Number Cruncher as to what the most meaningful variables would be.

ASEM Propellant, The ASRM (ANB3652) type propellant utilizes aluminum as the
primary fuel with an ammonium perchlorate (AP) oxidizer. The normal
formulation for ASRM propellant is shown in Figure 36. The predominant exhaust
species produced by this propellant at the nozzle exit plane are shown in Figure 37.
This propellant is non-neutralizing with an exhaust containing approximately 21%
hydrogen chloride. Figures 38 and 39 show sample model outputs, Figure 40 shows
the equations used, and Figure 41 shows the script used to implement the model.

Neutralized Mg Propellant. The DL-H435 propellant is a clean propellant utilizing
magnesium instead of aluminum as the primary fuel in order to reduce or

eliminate the hydrogen chloride (HCI). Reference 1 contains a full discussion of this
propellant. Reference 1 also shows, by means of small motor test results, that this
propellant will fully neutralize the HCI byproduct (see Reference 1, Table IV) in the
exhaust plume. The nominal formulation for DL-H435 magnesium clean propellant
is shown in Figure 42. The predominant exhaust species produced by the DL-H435
propellant at the nozzle exit plane are shown in Figure 43. Most of the neutralizing
reaction occurs in the plume. The amount of the neutralization is a function of
ambient conditions and mission parameters. The species at the nozzle exit plane,
however, represents a minimum estimate of total neutralization of HCI. Figures 44
and 45 show sample model outputs, Figure 46 shows the equations used, and Figure
47 shows the script used to implement the model.
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Earlier in the contract a preliminary set of equations was generated using a
different set of data and different input ranges. Although the new equations replace
the old ones and the new model breaks the weights into different sets of components,
the old model went to a lower thrust level. Consequently, the lower thrust results are
also included in the parametric database as the “Medium Motor” button for the
neutralized Mg propellent which is the one case where they are available. Figures
48 and 49 show sample outputs and Figure 50 shows the script used to implement
the equations.

Non-Chlorine Propellant, The non-chlorine (PGN/AN/AL) propellant substitutes
ammonium nitrate for ammonium perchlorate as the primary oxidizer in order to
eliminate the halogen byproducts of combustion associated with the use of
ammonium perchlorate (AP) oxidizer and uses PGN (PolyGlycidalNitrate), an
energetic binder, to achieve performance close to the current RSRM propellant. This
propellant is in the development stage. Thiokol has overcome the major impediment
to using PGN binder in large motors, but this type of clean propellant is still
developmental. The nominal formulation for non-chlorine propellant is shown in
Figure 51. The predominant species produced by the non-chlorine propellant at the
nozzle exit plane are shown in Figure 52. Figures 53 and 54 show sample model
outputs, Figure 55 shows the equations used, and Figure 56 shows the script used to
implement the equations.

Hybrid Rocket Booster Model

The hybrid model used included a T660 graphite epoxy filament wound case for the
fuel grain and an aluminum 2219 oxidizer tank with a pressure feed system. The
fuel is a combination of HTPB polymer and escorez. The escorez is used to increase
the fuel's density. The propellants are shown in Figure 57. Figure 58 shows the
mass fractions of the exhaust species at the nozzle exit for both a mixture ratio (O/F)
of 1.8 and 2.8. One major advantage of a hybrid system can be seen from the figure:
there are no chlorine or chlorine compounds in the exhaust. This alleviates many of
the environmental concerns normally associated with solid rocket motors. The
hybrid system can also be readily shut down and restarted.

12



The regression process described for the solid models was also used by Thiokol for
the hybrid designs, although the variables in some cases were different. One notable
difference was that case diameter was a dependent variable in the hybrid model,
whereas it was an independent variable in the solid models. A special grain design
must be used in the hybrid designs. This grain was driven by the performance
requirements and required a specific diameter just to fit the grain geometry. Two
new independent variables were added: the maximum oxidizer flux and the
mixture ratio (oxidizer to fuel ratio). In a solid rocket motor there is no oxidizer flux
and the oxidizer/fuel ratio is invariant, fixed by the propellant formulation.

The hybrid model was simpler than the solid models in that all of the subcomponent
weights and lengths were not calculated. However, the nozzle, total tank/case,
motor, and stage lengths, as well as O and fuel used weights were calculated. The
motor mass fraction was also calculated empirically, allowing the calculation of
total motor weight. The same stage component weight relations were used for both
the solid and hybrid models. Figures 59 and 60 show sample model outputs, Figure
61 shows the equations used, and Figure 62 shows the script used to implement the
equations.

Liquid and Nuclear Model

Performance, The LOX/Hg, LOX/RP, and Nuclear Thermal models all use the
same approach for performance prediction. These models employ the JANNAF
Simplified Performance Prediction Methodology detailed in CPIA Publication 246.
Starting from ODE (one-dimensional equilibrium) thermochemical codes, tables of
theoretical specific impulse and C-star are prepared versus chamber pressure,
mixture ratio, area ratio and inlet propellant enthalpy. When the system is
modeled, a table-look-up is used to obtain the theoretical Isp and C-star values. The
chamber temperature is used in place of mixture ratio for cases where there is no
mixture ratio (e.g., Hg in the nuclear model).

Performance efficiency terms are then used to represent the various loss

mechanisms present within the engine system. The method uses the following
efficiency terms:
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C-star: A measure of the combustion and mixing efficiency in the
combustor. How much of the propellant’s chemical energy is
actually available for heat.

Divergence: A measure of the geometric losses associated with a finite
nozzle having a finite turning angle. How much of the exhaust
momentum is lost by not being turned parallel to the nozzle axis.

Boundary Layer: A measure of the drag momentum loss caused by the
viscous boundary layer within the thrust chamber.

Kinetic: A measure of kinetic losses during the expansion process.

Rocketdyne uses a table-look-up to compute kinetic losses based on chamber
pressure (P;), mixture ratio, throat area, and area ratio. The tables used are the

results of detailed ODK (one-dimensional kinetic) code runs for the particular
propellant combination (or heated Hg) being studied. For divergence losses, a curve-
fit correlation is used which relates divergence efficiency to P, nozzle percent
length, thrust, and area ratio. The boundary layer losses are estimated by curve fits
of the results of rigorous boundary-layer codes (such as BLIMP or TBL). The C-star
losses are input based on the results of detailed cycle balances.

The other effects of the thermodynamic cycle is input by using detailed cycle
balances and then using the resulting thrust chamber mixture ratio instead of the
engine mixture ratio.

For the specific LOX/Hg, LOX/RP, and Nuclear Thermal performance models used
here, the further effect effects of the thermodynamic cycle throughout the range of
variables was accounted for by forcing the result at a single design point through a
known value (e.g., SSME, F-1A), then using a factor on the delivered specific
impulse at other conditions. ‘

Weight. The weight for the LOX/Hz model is based on the reference SSME design
point. The individual component weights are then scaled with flows, thrust, P,
area ratio, etc. The scaling methodology is based on engineering parameters and
physical quantities. It employes neither point designs nor curve fits.
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The weight for the LOX/RP model is based on the reference F-1A design point. The
individual component weights are then scaled with flows, thrust, P, area ratio, etc.

The scaling methodology is based on engineering parameters and physical
quantities. It employes neither point designs nor curve fits.

The weights for the nuclear thermal model are based on four design points (at 25K,
50K, 75K, and 100K) for the reactor and additional components. These points were
then incorporated into a table lookup and interpolation routine.

Liquid Models. A model of a LOX/Hz engine using a staged combustion cycle was
made based on SSME experience, and scaling a set of weights based on a SSME
baseline. Figures 63 and 64 show examples of model output.

A model of a LOX/RP engine using a gas generator cycle was made based on F-1 and
F-1A experience, and scaling a set of weights based on F-1/F-1A weights. Figures 65
and 66 show examples of the model output.

Hgg_lg_gr_'[hgmml_Bngg_LMg_dﬂL The design work done at Rocketdyne and
Westinghouse over the past few years, including work for NASA/LeRC during the

last year, has produced a series of detailed conceptual designs for nuclear thermal
rockets based on the NERVA experience base. Those design results were included in
a table and combined with performance data to produce a model for a NERVA
derived nuclear thermal rocket. The model is based on using a prismatic fuel form.
Because this is a concept derived from a specific reactor design and using one fuel
type (graphite matrix with UCg beads with ZrC protective fuel element coating),
temperature is fixed. Only thrust, chamber pressure, and nozzle area ratio are
variable. Also the thrust range is limited from 25,000 to 100,000 Ibf. Figure 67 shows
a sample output of the model.

Changing the Worksheet Script
The worksheet script is a collection of functions which are called by other scripts. It

is essentially a library. To make changes to the worksheet script, even temporarily,
requires that the file “Library” be modified. The procedure is:

15
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Select any spreadsheet cell

Go to the “Script” item in the menu bar and select “Unload Script”
and “Library”

If “Unload Script” is grayed in the menu bar then skip this step
Go to the “Script” item in the menu bar and select “Open Script...”
Use the resulting dialog box to find and open the file “Library”
Make the desired changes

Go to the “File” item in the menu bar and select “Save”

Go to the “File” item in the menu bar and select “Close”

Go to the “Script” item in the menu bar and select “Worksheet
Script”

Highlight the following four lines with the cursor:

On Activate
Attach Script “Library”
Get Seript “Library”
End Activate

Go to the “Edit” item in the menu bar and select “Copy”

Go to the “Edit” item in the menu bar and select “Select All”

Press “Delete” key

Go to the “Edit” item in the menu bar and select “Paste”

Go to the “File” item in the menu bar and select “Close”

Press any active button which forces the program to attach the file
“Library” and make it the current “Worksheet Script”.

16



Propulsion System Database

The propulsion system database was developed using the Macintosh database
FileMaker Pro, version 2.0vl (published by Claris). It was developed on a Macintosh
II fx running system 7 with the tuneup kit and using an Apple 13 inch color
monitor.

The propulsion system database consists of two files: “Prop System DB” and “Prop
System DB-Pictures”. They can be placed anywhere. The names of the two files must
not be changed since the first is used as a look-up file by the second, and the second
is referenced by name in scripts in the first. “Prop System DB” is the main file which
contains all the data except two picture fields for each record. The two picture fields
were separated because they are often scanned images using significant amounts of
memory, and also by having two files, even when many more propulsion systems
are included in the database, the FileMaker limit of 32 Meg per individual file
should be avoidable.

The engine systems currently included in the propulsion system database are:

Space Transportation Main Engine (STME)

F-1

F-1A

J-2

J-28

SSME

RD-170

Integrated Modular Engine (IME)

Space Shuttle Redesigned Solid Rocket Motor (RSRM)
NERVA Derived NTR

To run the propulsion system database double-click on the file “Prop System DB”.
The opening screen of Figure 68 will appear. Press Continue and Figure 69 will
appear. Pressing on any button will find all propulsion systems of the type
represented by the button. For example, pressing “Cryogenic” will find only the
cryogenic engines, pressing “Chemical” will find the cryogenics plus the solids,
plus the hybrids, etc. Pressing “Propulsion Systems” will find all the records in the
database. If the user presses a button for which there are no records of that type, a

17



dialog box will appear and if Continue or Cancel is pressed, all records will be found
instead of the null set of zero records expected. This is a quirk of FileMaker Pro.

Code Structure and Quiput

The code is broken into five general classes of propulsion systems based on needing
different reports for each kind of propulsion system: Liquids, Solids, Hybrids,
Nuclear, and Exotic. The layouts for Liquids must be different from those for Solids
since many parameters of one have no meaning for the other (e.g., mixture ratio,
grain design). This structure is transparent to the user if the buttons supplied on
every screen for navigation are used. In other words, when a liquid engine is
selected and the Data Entry button is pressed, the user will go to the liquid data entry
screen, not the ones available for solids, hybrids, etc. (which are different).
Nonetheless, the actual internal structure is fairly complex and extensive because of
the need for different report and entry formats. There are 160 layouts and 71 scripts
used.

The result of pressing “Propulsion Systems” in the Main Menu (Figure 69) is shown
in Figure 70 which is also the list of all currently available propulsion systems. An
example of using the code is to select one of the propulsion systems from the figure
(i.e., click on the engine name) and then press one of the five buttons across the top
of the screen. The Print button simply prints the page (and works the same on all
other layouts where it is present), the More Data button shows two additional lines of
information for each propulsion system (thrust, specific impulse, weight, length,
width, etc.) and is intended as a short technical summary of the systems in the
database. The button with the “org chart” icon returns to the Main Menu (Figure
69). The Data Entry button goes to a set of layouts specifically designed to make data
entry easy by gathering all the fields of data for one system in one place and
eliminating any that are calculated from other data.

The Reports button goes to a screen like Figure 71. This screen shows the individual
reports (layouts) available for each propulsion systeni. The reports are arranged into
two sets — each containing the same information, but with some differences in
arrangement — with one set structured for portrait mode presentation and called
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“Reports”, and the other structured for landscape mode presentation and called
“Briefing Charts”.

Typical use of the code would be to go to the Main Menu screen (Figure 69), press
“Propulsion Systems”, choose an engine from the resulting Summary screen
(Figure 70), press the Reports button and then use Figure 71 to look at the data (and
print any of interest) by pressing individual reports. For example, pressing “Engine
Performance 1” brings up the layout in Figure 72 (for a STME as an example). From
this (or any other) report the user can print the report, return to the Reports screen,
or return to the Main Menu.

After examining the various reports, the user might return to the Summary screen
(Figure 70) and select another propulsion system and then look at its reports, and so
on.

Figures 73-82 present the output for each of the currently available systems.

Figure 83 shows the field definitions for all fields in the file “Prop System DB”.
Figure 84 shows the field definitions for all fields in “Prop System DB-Pictures”. Note
that all of the fields in “Prop System DB-Pictures” except “Engine Name” and two
picture fields are look-up fields using the data from “Prop System DB” through the
field “Engine Name”. It is important to remember to force a relook-up in “Prop
System DB-Pictures” if changes are made to the file “Prop System DB” since relook-
ups are not automatic in FileMaker Pro.
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Figure 1. Parametric Database Opening Screen



Figure 2. Main Navigation Screen



Figure 3. Current Cryogenic Models



Figure 4. Current Hydrocarbon Models



ORIGINAL FAGE IS
OF POOR QUALITY
Print (Briefing)

Print (Report)

Vacuum Thrust, kibf 512,845 100 to 2.000
Chamber Pressure, psia 3,277.0 L 1.000 to 5,000
‘Mixture Ratio, O/F ~ e 4 10 8
Maximum Area Ratlo 10 to 400
Pmmeters
Area Ratlo of Nozzle Attachment
Nozzle Percent Lcngth % 70 to 140
Gimbal Angle, degrees “ : 1 70 to 15
C* Efficiency - 098450 0,85 to 0.999
Fuel Inlet Enthalpy. kcal/mole -1.270 .. -2.154 to 1.856
3| .. Throat Diameter, in 10.3
“'Throat Area, in*2 83.2
l,Chamber Length, in 12.3
"'Nozzle Exit Diameter, in 90.3
- Engine Diameter, in 96.0
Nozzle Length, in 119.5
Engine Length, in 168.0
Weights, Ibm _ Value
Turbomachlnery 1,725.0
_ Preburners 229.0
PB Hot Gas Manifold 558.0
- Thrust Chamber 859.0
‘Nozzle .. .. 1,250.0
‘Gtmbal Bearing 105.0
‘Valves and Controls 722.0
"Controller and Mount 85.0
- POGO System 94.0
* Propellant Ducts’ 867.7
Pressurization System 89.0
Other Engine Systems 228.0

Figure 5. Input/Output Table for Liquid Models



Figure 6. Parametric Data Generation Screen — Liquid Engines




1,881.6
329.4 288.0
637.4 800.1

PB Hot Gas Man

-
-
Thrust Chamber '=il/ 988,97 948971 '911.8 71 889,811 BaS. . 708,
Nozzle - 12081 1.2851 12727 12612 125032 132394 12291 13145,
Gimbal Beartng - = 105.0° 1050 1050 105.0 - "105.0 108.0° . '108:0
Valves'& Cont. /i wi 1 780.6 - 769,10 1781311y 7389 7223100 i GBI O8N
Cont & Mount - 85.0 85.0 85.0 850 1850 . 850 850 -850
POGO System’ & e4.8 04.7 946 043 940 99.6. 7 931 928
Prop Ducta . TI16%5 1:037.00 97L1 91598687 8275 708’ 1 7355"
Pres Sys PR 93.3: -1 9 e . L B BB 87,10 887
261.8: 248.7 : '312.3...200.1

Othes Engine

104 ,
658 849 sl
12.4 124 1237 7133
o7 91.2 90.8 903
96,0 . . 96,05 9600 980
1213 130.7 | ‘

" 1708 '169.8

SLThrust, XIb{ = . 414.74 415.83  416.87  417.83. 41875 419.66 | 420.53 = 431.75
V Thrust, kibf o B12.84 31284 51284 51284 512.84° 1 B13.84  612.84  512.84
SL Isp, sec-Ibf/lbm «* * 366.75  369.26 . 370.35  370.47 369.91 - 568,28 '365.84  358.85
Visp, secibf/Ibm =i 453.50 455.42 485.62 ' 454.7L 483.03 450.08 ' 448,15 436.38
ODE C*. ft/sec = . 8,095 8,030 7056 7,861 7,756 .  7.831 7.495 . 7.293
L-Star, in - 20.7 30.6 306 30.5 30.4 303 30.3 303
ODE Isp o | 469.44 471,43  471.62 470,69 . 468.97 . 46593 461.97  453.24
Energy Rel EfY - 0.98450 0.98450 0.68450 0.98450 0.98460 0.98450 0.98450: 0.98450

Kinetic Eff - 0.99999 - 0.99999  0.99999 0.99999 0.99994 . 0.999868 ~ 0.99968 . 0,99660
Divergence Eff « 0.99283 099283 0.99283 0.09283 0.99283 "0.99283 0.99283 0.99283
BLEf - 0.08904 0.98504 0.98004 0.98004 008904 0.98904 0.98904 0.98904
Engine Eff - ‘e 0.96672 '0.96673 0.966732 '0.96672' 0.96666 '0.96658 0.96642 0.96344

R L) et

it

Figure 7. Parametric Results Table - Liquid Engines
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Figure 12, Parametric Data Avalilable - Liquid Engines
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Figure 13. Solid Fuel Models Available
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14. Solid Motor Model



Figure 15. Parametric Generation Screen - Solid Boosters
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Figure 16. Parametric Results Table - Solid Boosters
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Figure 22. Parametric Results Avallable - Solid Rocket Boosters



'4.787E+07 N/A
"8.704E+07 N/A

Figure 23. Input/Output Table for Hybrid Rocket Booster Model



Figure 24. Parametric Data Generation Screen - Hybrid Motors
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Figure 25. Parametric Results Table - Hybrid Rocket Boosters
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Figure 26. Parametric Data Avallable - Hybrid Rocket Boosters
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Figure 32. Reactor Choices



Figure 33. Fuel Form Choices



Figure 34. Nuclear Thermal Rocket Model
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Ingredient Weight Percent
Al 19.0
AP 68.86
HP* 12.0
Fe203* 0.14

* varied for mechanical property control
** yaried for burn rate control

Figure 36. Nominal Composition of ASRM Propellant

Exhaust Product Mass Fraction
CO (g) 0.2081
Co2 (g) 0.02786
CL(g) 0.00285
HCI (g) 0.2093
FeCl2 () 0.0021
H (g) 0.00019
H2 (g) 0.01972
H20 (g) 0.08455
AI203 (s &) 0.3587
N2 (g) 0.08582

Figure 37. Theoretical Exhaust Products at 1,000 psi
Chamber Pressure Expanded to 14.7 psi
ASRM Propellant
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Large Motors ASRM (ANB3652) Propellant
: nge | Results
Meop. psia 1,000 200 To 2000 | Rbo, in/sec - 0.530 0.002
Initial Area Ratio, Ei 7.0 5 To 19 (Isp)sl, sec-lbf/Ibm - 246.54 N/A
{Favg)vac, Ibf 2,590,000 |[320K To 8.9 M| (Isp)vac, sec-lbf/lbm = 269.57 N/A
Burn Time, Tb, seconds 111 60 To 178 (A throat)avg, in*2 - 2,243.0 107
Dcase, in 146 80 To 255 (R throat)avg, in - 26.7 N/A
Push Weight, Ibm 1,000,000 (Favgsl, Ibf - 2,368,679 N/A
Nose Cone L/D 1.30 {(Favg)vac, 1bf = 2,590,000 N/A
Dependent ’ - L case, in . 11879 53
L/D case - 8.14 Note 1
Note 1: Cases with L/D greater than 5.6 | L nozzle, in - 167.5 3.8
are difficult to wind w/o joints. | Nozzle Exit O.D., in = 138.5 N/A
Total Length, in - 1.545.3 N/A
Note 2: MG propellant burn rates W propellant, 1bm - 1,066,466 Note 4
(Rbo) are tailorable between W nozzle, Ibm - 12,500.2 1,025
0.334 and 0.806 ips. W insulation, Ibm - 6,716.0 105
W case, lbm - 26,124.3 933
Note 3: Data is being extrapolated W igniter, lbm - 633.6 29
below range of regression. W nose cone, lbm - 3,742.3 N/A
W ext insul. Ibm - 763.5 N/A
Note 4: Data is being extrapolated W fwd skirt, lbm - 2,965.0 N/A
above range of regression. W aft skirt, lbm - 14,659.7 N/A
W separation, lbm - 1,246.8 N/A
W misc, lbm - 1.522.1 N/A
W SRM, Ibm = 1.112E+06
W stage, lbm - 2.490E+04
W SRB, lbm = 1.137E+06
V ideal, ft/sec - 5.995E+03 N/A
Mass Fraction = 9.377E-01 N/A
{Impulse)s], Ibf-sec - 2.629E+08
(Impulse)vac, 1bf-sec - 2.875E+08

Figure38. Printed Output- "Report® - English Units
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Figure 40. Equations for ASRM
Propellant Model
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Equations for Stage Components

le
Calculated Equation

Nose Cone Weight, lbm

Wiose Cone = 3395 = 2098Ny;4 - 0.4705(D J2)? +2.533x107%{(D. /2){ (D./2)* + (NyyaD: ) }2
External Insulation Weight, lbm
Wes iinsulation = 87 +0.7243D; +0.1071(D; 12)

Fwd Skirt and Attach Weight, lbm

Wrwaskin = £(2:095+0.05276D, -0.0000846D)
Wi

Aft Skirt and Attach Weight, Ibm

Wafiskin = e(2~89+0.063430¢-o.oomzoz)

Separation System Weight, lbm
“’Sepumion = 0.0011208 W, m
Misc Weight, Ibm

Woise = —1039 = 0.00204W, m +2.854L casc & nozate + 0.07885(D. /2)*

TA3-0321



Large Motor Equations for ASRM Propellant

Burning Rate @ 1000 psia, ips Rbo = 4.633(D./T5)**" ‘Meop™*" RMSE = 0.002
(0.334-0.806)
Propellant Weight, lbm - F+0.9953 | 0024 £-0.07282 RMSE = 2,809
W, =0.004530F, T, E (198k3.01M)
Vacuum specific Impulse, Ispy = Ty Analytical
Ibf-sec/lbm v Equation
Average Nozzle Throat Area, 4, = ~14.5 + 172.8W3%"Meop %' T, +1.039E — 5F, +0.3131T, RMSE = 10.7
in? (315-6830)
Average Nozzle Throat R = A, Analytical
Radius, in a3 Equation
Diameter of Nozzle @ Exit, in D,=2 (—‘ _ OOOSTb)zE, ;muzty:l;al
Average Sea Level Thrust, 1bf Fu= F,—3.675nD? Analytical
Equation
Sea Level Specific Impulse, Ispi = IpFu Analytical
Ibf-sec/Ibm " F Equation
Boss-Boss Case Length, in L.= 26,26%-%65@149147;0‘01“6 RMSE = 5.3
(443-1,640)
Nozzle Length (ARt Case Boss 1 = 1.0964; " E*2% RMSE =3.6
to Nozzle Exit), in (52-373)
Case length to Diameter Ratio, [/D, = & Analytical
dim D. Equation
Booster Total Length, in Liotai = Le +Ln+NuaDe Analytical
Equation
iter Wei bm e 1273 =
lgniter Weight. | Wign=19.1+1643M  Meop™ D055 - piivie
Nozzle Weight, lbm W, = 400.6 +0.02310 A, (1 +E)Ly +0.100471I°'“” ng“"E?-“” R 8616.500)
Tntermal Case Insulation, Ibm [/, = ~18.3 +0.246 751 T3> L0177 - 0.0721 14, RMSE = 105

(1,690-16,800)

Empty Case Weight, Ibm W, = ~183.1 + 4.795¢ — 4F, +6.142¢ - 6L % *Meop® LR RMSE =933
(2,650-107k)
Total Rocket Motor Weight, Weom=Wp+ Wy + W+ W+ Wi Analytical
lbm Equation
Tob‘:l Stage Component 4 g = /4 NoseCone + WEJII’IJIIIGMO’I +W FwdSkirt T W, AfiSkirt + W, Separtion Analytical Eq'
Weight, b (4,200-193K)
Total Booster weight, lbm Wop = Wem + Wag Analytical
Equation
Booster Ideal Velocity, ft/sec ( W+ Wirs ) Analytical
Videa = Isp.In F pan+ Wsrs—W prop 32.18 Equation
Booster Mass Fraction, dim Mfos = Analytical
"'m Equation
Total Impulse Sea Level, Ta=FuTs Analytical Eq.
Ibf-sec (45M-728M)
Total Impulse vacuum, I, = f‘v T Analytical Eq.
Ibm-sec (51M-865M)

1/14/93



Figure 41. Script for ASRM Propellant
Model
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27 March 1993 05:48:54 PM Parametric Database/Object 39 script

Invalidate On
Manual Recalc
Select Range A116
Window Scale 65%

{Titles and dates}

Put " Large Motors" Into A123

Put "ASRM (ANB3652) Propellant” Into C123
Put "14 January 1993" Into A124

{Initial Independent Variable Setup}

Put 1000 Into C126 {Meop, psia}

Put 7 Into C127 {Initial Area Ratio, E1}

Put 2590000 Into C128 {(Favg)vac, Ibf}

Put 111 Into C129 {Burn Time, Tb, seconds}

Put 146 Into C130 {Dcase, in}

Put 1000000 Into C131 {Push Weight, lbm}

Put 1.3 Into C132 {Nose Cone Length/Diameter}

{Load Range Information}

Put "200 To 2000" Into D126
Put "5 To 19" Into D127
Put"320 K To 8.9 M"IntoD128
Put "60 To 178" Into D129

Put "80 To 255" Into D130

{Load Range Limit Checks}

Put "=If (C126<200, 1,0)" Into K126

Put "=If (C126>2000, 1,0)" Into K127
Put "=If (C127<5, 1,0)" Into K128

Put "=If (C127>19, 1,0)" Into K129

Put "=If (C128<320000, 1,0)" Into K130
Put "=If (C128>8900000, 1,0)" Into K131
Put "=If (C129<60, 1,0)" Into K132

Put "=If (C129>178, 1,0)" Into K133

Put "=If (C130<80, 1,0)" Into K134

Put "=If (C130>255, 1,0)" Into K135

{Load Results Formulas, RMSE and correlation limits, and percent error}

{Rb

o}
Put "=(4.633‘((C130/C129)“0.9794)‘(0126"(-0.3528)))‘L122" Into G126

Page: 1

Put "=IflG126<0.334*L122,""Note 3", 1f{G126>0.806°L122,""Note 4"",0.002*L122))" Into H126

Put "" Into 1126

{(1spsl}

Put "=G128°G131/(C128*L126)" Into G127
Put "N/A" Into H127

Put "" Into 1127



97 March 1993 05:48:55 PM Parametric Database/Object 39 script Page: 2

{{1sp)vac}

Put "=(C128*C129/(G138/L123))*L125" Into G128
Put "N/A" Into H128

Put "" Into 1128

{(A throat)avg}

Put "=(-l4.5+l72.8‘((Gl38/L123)‘0.9902)‘(C126“(-0.955l))‘(Cl29“(-0.9776))
+(1.039E-5)‘Cl28+0.3131‘Cl29)'L122‘L122" Into G129

Put "=If{G129<315°L122°L122,""Note 3" If{G129>6830°L122*L122,""Note 4"",10.7°L122*L122))" Into H.

Put "" Into 1129

{(R throat)avg}

Put "=SqRt(G129/3.141593)" Into G130
Put "N/A" Into H130

Put "" Into 1130

{(Favg)sl}

Put "=(C128-1 1.54535‘0136‘0136/(L122‘L122))‘L126" Into G131
Put "N/A" Into H131

Put "" Into 1131

{{Favg)vac}

Put "=C128*L126" Into G132
Put "N/A" Into H132

Put "" Into 1132

{L case}

Put "=(26.26‘((G138/L123)“0.9665)'(C130"[-1.914))‘(0129‘(-0.01366)))'1.122" Into G133
Put "=1f{G133<443°L122,""Note 3" 1f(G133>1640°L122,""Note 4"",5.3*L122))" Into H133
Put "" Into 1133

{L/D case}

Put "=G133/(C130°L122)" Into G134

Put "=If{G134>5.6,""Note 1"",""N/A")" Into H134
Put "" Into 1134

{L nozzle}

Put "=(1.096‘(0127"0.3385)‘(((‘:129/(Ll22‘L122))“0.5665))‘L122" Into G135

Put "=If{G135<52°L122,""Note 3" If{G135>373*L122,""Note 4"",3.6°L122))" Into H135
Put "" Into I135

{Nozzle Exit Dia}

Put ”=(2‘Sth(((G130/L122-0.005‘0129)"2)‘0127))‘!.122" Into G136
Put "N/A" Into H136

Put "" Into 1136

{Total Length}

Put "=G133+G135+(C132°C130)*L122" Into G137
Put "N/A" Into H137

Put "" Into 1137

{W propellant}

Put "=((0.004530*C1280.9953)*(C129" 1.0024)*(C127*(-0.07282)))*L123" Into G138

Put "=I1f{G138>198000°L123,""Note 4"",1{G138<3010000°L123,""Note 3°*,2809*L123))" Into H138
Put "" Into 1138



27 March 1993 05:48:56 PM Parametric Database/Object 39 script Page: 3

{W nozzle}

Put "=(400.6+0.023IO'Sth(G129/(L122‘L122))‘(l+Cl27)‘(G135/L122)
+0.1004'((Gl29/(L122‘L122))“0.6699)'((Gl38/L123)“0.4374)'(0127‘0. 1699))*L123" Into G139

Put "=If{G139<1880°L123,""Note 3" 1f{G139>46900*L123,""Note 4"*,1025*L123))" Into H139

Put "" Into 1139

case insulation}
Put "=(-l8.3+0.2467‘((Gl38/Ll23)“0.7199)‘(0129“0.3134)‘((G133/L122)‘(-0. 1737))
.0.07211*(G129/(L122°L122)))*L123" Into G140
Put "=If{G140<1690*L123,""Note 3", 1f{G140>16800°L123,""Note 4"",105°*L123))" Into H140
Put "" Into 1140

{W case}
Put "=(-183.1+(4.795E-4)*C128+
(6. 142E-6)‘((Gl33/L122)“0.8219)‘(C126“0.7691)‘(0128“0.l 140)*(C130~1.869))*L123" Into G141
Put "=If{G141<2650*L123,""Note 3", 1f{G141>107000°L123,""Note 4"",933°L123))" Into H141
Put "" Into I141

{W igniter}

Put "=(19.1+(164.3‘(G138/(C129‘L123))"1.273)‘(0126‘(-1.076])‘(C130“(-0.585 1))
-0.07182‘(G129/(L122‘L122))“0.5124)‘L123" Into G142

Put "=If{iG142<77*L123,""Note 3" IflG142>1748°L123,""Note 4"7,29°L123))" Into H142

Put "" Into 1142

{W nose cone}

Put '=(3395-2098‘C132-0.4705‘((0130/2)"2)
+(2.533£-5)‘(((C130/2)‘Sth(((C130/2]“2)+((C132'0130)“2)))‘2))‘1.123" Into G143

Put "N/A" Into H143

Put "" Into 1143

{W external Insulation}

Put "=(87+0.7243*C130+0. 1071%((C130/2)*2))*L123" Into Gl44
Put "N/A" Into H144

Put "" Into 1144

(W fwd skirt & attach}

Put "=(Exp(2.095+0.05276'c130-0.0000846‘0 130*C130))*L123" Into G145
Put "N/A" Into H145

Put "" Into 1145

(W aft skirt & attach}

Put "=(Exp(2.89+0.06343‘Cl30-0.00012‘0130‘0130))‘1.123" Into G146
Put "N/A" Into H146

Put "" Into 1146

(W separation system}

Put "=0.0011208*G149" Into G147
Put "N/A" Into H147

Put "" Into 1147

{W misc}

Put "=(-1039-0.00204‘(0149/L123)+2.854‘((Gl33+Gl35)/L122)+0.07885'((C130/2)"2))‘L123" Into G14
Put "N/A" Into H148

Put "" Into 1148

(W SRM}



27 March 1993 05:49:05 PM Parametric Database/Object 39 script Page: 4

Put "=Sum(G138..G142)" Into G149
Put "" Into H149
Put "" Into 1149

{W stage}
Put "=Sum(G143..G148)" Into G150
Put "=If{G150<4200°L123,""Note 3" If{G150>193000°L123," Note 4"",""""))" Into H150

Put "" Into 1150

{W SRB}

Put "=G149+G150" Into G151
Put "" Into H151

Put "" Into I151

{V ideal}

Put "=(32.18‘(0128/L125)‘Ln((C13l+(Gl51/L123))/(Cl3l+(6151/Ll23)-(Gl38/L123))))‘L124" Into G15%
Put "N/A" Into H152

Put "" Into 1152

{Mass Fraction}

Put "=G138/G151" Into G153
Put "N/A" Into H153

Put "" Into 1153

{{Impulse)sl}

Put "=G131°*C129" Into G154

Put "=If{(G154<45000000°L126,""Note 3" IfiG154>728000000°L126,""Note 4"".""""))" Into H154
Put "" Into 1154

{(Impulse)vac}

Put "=C128*C129°L126" Into G155

Put "=IflG155<51000000°L126,""Note 3" IflG155>865000000*L126,""Note 4"*,""""))" Into H155
Put "" Into 1155 )

{Load Notes}

Put "Note 1:" Into A135
Put "Cases with L/D greater than 5.6" Into C135
Put "are difficult to wind w/o joints." Into C136

Put "Note 2:" Into A138

Put "MG propellant burn rates" Into C138
Put "(Rbo) are tailorable between" Into C139
Put "0.334 and 0.806 ips." Into C140

Put "Note 3:" Into A142
Put "Data is being extrapolated” Into C142
Put "below range of regression.” Into C143

Put "Note 4:" Into A145
Put "Data is being extrapolated” Into C145
Put "above range of regression.” Into C146

Automatic Recalc
Invalidate Off



Ingredient Weight Percent
R-45M (1% A02246)* 13.83
IPDI* 0.86
HX-752 0.30
TPB 0.01
Mg 2.0
AP*™ 62.80
Fe203** 0.20

Figure 42.

* varied for mechanical property control
= yaried for burn rate control

Nominal Composition of Magnesium Clean Propellant

Exhaust Product Mass Fraction
CO (g) 0.2860
CO2 (g) 0.0162
CL (g) 0.0002
HCI (g) 0.1505

FeCl2 (g) 0.0032
MgCi2 (g) 0.052
H(g) Insignificant
H2 (g) 0.0289
H20 (g) 0.0415
MgO (s) 0.3412
N2 (g) 0.0766
Other 0.0005

Figure 43. Theoretical Exhaust Products at 1,000 psi
Chamber Pressure Expanded to 14.7 psi
Magnesium Clean Propellant

PREGEDING PAGE BLANK NOT FILMED



Neutralizing Mg (DL-H435) Propellant

Large Motors

Meop. psia - 1,000 Rbo. In/sec - 0.534
Initial Area Ratio, El - 7.0 5 To 19 {Isp)sl. sec-Ibf/ibm - 243.05 N/A
(Favg)vac, Ibf . 2,590,000 320K To 8.9 M| (Isplvac. sec-Ibf/lbm - 266.17 N/A
Burn Time, Tb, seconds - 111 860 To 178 (A throat)avg, in*2 - 2,278.9 11
Dcase, in - 146 80 To 255 (R throat)avg, in - 26.9 N/A
Push Weight. lbm - 1,000,000 (Favgsl. Ibf - 2,365,069 N/A
Nose Cone L/D - 1.30 (Favg)vac, Ibf - 2,590,000 N/A
"Dependent Terms = L case, in . 1.337.3 5
L/D case - 9.16 Note 1
Note 1: Cases with L/D greater than 5.6 | L nozzle. in - 169.7 3
are difficult to wind w/o joints. | Nozzle Exit OoD.In = 139.6 N/A
Total Length, in - 1.696.8 N/A
Note 2: MG propellant burn rates W propellant. lbm « 1,080,110 Note 4
(Rbo) are tallorable between W nozzle, lbm - 12,648.0 1,184
0.34 and 0.81 ips. W insulation, Ibm - 7.128.9 107
W case, lbm - 28,823.5 1.066
Note 3: Data is being extrapolated W igniter, lbm - 630.7 28
below range of regression. W nose cone, Ibm - 3.742.3 N/A
W ext insul. lbm - 763.5 N/A
Note 4: Data is being extrapolated W fwd skirt, Ibm - 2,965.0 N/A
above range of regression. W aft skirt, Ibm - 14,659.7 N/A
W separation. lbm - 1,265.8 N/A
W misc, lbm - 1,920.0 N/A
W SRM, Ibm - 1.129E+06
W stage, Ibm - 2.532E+04
W SRB, Ibm - 1.155E+06
V ideal, ft/sec - 5.959E+03 N/A
Mass Fraction - 9.354E-01 N/A
{Impulse)sl, Ibf-sec - 2.625E+08
(Impulsejvac. lbf-sec - 2.875E+08
Figure 44, Printed Output - "Report" - English Units
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Figure 46. Equations for Mg Clean
Propellant Model

TA3-0326



Equations for Stage Components

Variable tobe
Calculated @ Egquation

Nose Cone Weight, Ibm

Wivose Cone = 3395 = 2098Ny;4 — 0.4705(D /2)? + 2.533x10°* {(D 12){ @127 + NyaD. )}
External Insulation Weight, Ibm
Wexatnsutasion = 87 +0.7243D, +0.1071(D: /2)?

Fwd Skirt and Attach Weight, lbm

Wrwaskin = €% +0.05276D, ~0.0000846 D)
Wi

Aft Skirt and Attach Weight, Ibm

WAﬂSHn - e(2.89+0.06343D¢-0.00012D3)

Separation System Weight, lbm
W,Sqnmuum = 0.0011208W,

Misc Weight, 1bm

Wiaise = —1039 = 0.00204W, e +2.854Lcase & nozzie +0- 07885(D. /2)

TA3-0321



Large Motor Equations for Magnesium Based Propellant

Burning Ratc @ 1000 psia, ips Rbo = 4.957(Dc/T5)""" Meop™*'* RMSE = 0.002

(0.34-0.81)
Propellant Weight, lbm W, = 0.005028?':0’”” Tll’.OO'H E;oossas Meop~001470 ﬁhgssli;osf;iéf
Vacuum specific Impulse, Ispy = 819 Analytical
[bf-sec/lbm vTW, Equation
Arverage Nozzle Throat Ares, 4, = ~15.2 + 157 4 W25 Meop™MT,**" +1.027E - 5F, +0.3134T, RMSE = 11
in* (329-6,820)
Average Nozzle Throat R = A, Analytical
Radius, in 1Ty Equation
Diameter of Nozzle @ Exit, in D,, =2 ’(_' _ OOOSTb)zE, EA::.:{:IC&]
01
Average Sea Level Thrust, Ibf  F, = F, - 3.6757D7, ;mly;icu
uation
Sea Level Specific Impulse,  yo, IspyFu Analytical
Ibf-sec/lbm Pl = 7, Equation
H 0.9794 L =
BosBoss CaseLenghin 7 _ 03,2823 22| +8.6965 -4 M +0.009766Meap o 1.825)

Nozzle Length (AR Case Boss [ — _14.87 + 1.8468E0 24, —0.002486Meop +0.4242E, - 0.02445Ts RMSE =3
to Nozzle Exit), in (46-374)

Case length to Diameter Ratio, [/D, = Le Analytical
dim D. Equation
Booster Total Length, in Liowat = Le +Ln +NuaDe Analytical
Equation
Igniter Weight, Ibm e 01277713314 06535 RMSE =28
Wign = 21.0+0.2218Meop A, D; (76-1,754)
Nozzle Weight, Ibm - 3 —+0.6730 11,0 4703 7701592 RMSE = 1184
W, = 588.7+0.02444 J4, (1 +E)L, +0.060484, Wy E] R 17,600
Imtermal Case Insulation, bm [/, = —19.5 +0.2395 W30 303 L0124 — 0.060244, RMSE = 107
(1,830-17,200)
Empty Case Weight, Ibm W.=-2778+5822E -4F, +6.142E - 6L03298M€0p0"n54i‘f0‘“ luD1.8575 RMSE = 1,066
e v+6. e v e (2,840-117k)
Total Rocket Motor Weight, Wom =W, + W, +W +W.+ Wy, Analytical
Iom Equation
Total Stage Component W otg = WiaseCone + W Essinsuiation + W Fedsiirt + W apstir + Wsepartion + W ise. Analytical Eq.
Weight, Ibm (4,300-193K)
Total Booster weight, lbm Wep = Wom + Wag Analytical
Equation
Booster Ideal Velocity, ft/sec _ ot Wors Analytical
Videai = IspyIn (Wm*W:a-mep) 32.18 Equation
Booster Mass Fraction, dim  pAg7., = 22 Analytical
s W Equation
Total Impulse Sea Level, Ig=FuTs Analytical Eq.
1bf-sec (44M-716M)
Total Impulse vacuum, 1, =F.Ts Analytical Eq.
|bm-sec (51M-854M)

1/14/93



Figure 47. Script for Mg Clean
Propellant Model
(Large Motors)

TA3-0329



27 March 1993 05:56:54 PM Parametric Database/Object 44 script

Invalidate On
Manual Recalc
Select Range A116
Window Scale 65%

{Titles and dates}

Put " Large Motors" Into A123

Put "Neutralizing Mg (DL-H435) Propellant” Into C123
Put "14 January 1993" Into A124

{Initial Independent Variable Setup}

Put 1000 Into C126 {Meop, psia}

Put 7 Into C127 {Initial Area Ratio, Ei}

Put 2590000 Into C128 {(Favg)vac, Ibf}

Put 111 Into C129 {Burn Time, Tb, seconds}

Put 146 Into C130 {Dcase, in}

Put 1000000 Into C131 {Push Weight, lbm}

Put 1.3 Into C132 {Nose Cone Length/Diameter}

{Load Range Information}

Put "200 To 2000"Into D126
Put "5 To 19"Into D127

Put "320K To 8.9 M"Into D128
Put "60 To 178" Into D129

Put "80 To 255" Into D130

{Load Range Limit Checks}

Put "=If (C126<200, 1,0)" Into K126

Put "=If (C126>2000, 1,0)" Into K127
Put "=If (C127<5, 1,0)" Into K128

Put "=If (C127>19, 1,0)" Into K129

Put "=If (C128<320000, 1,0)" Into K130
Put "=If (C128>8900000, 1,0)" Into K131
Put "=If (C129<60, 1,0)" Into K132

Put "=If (C129>178, 1,0)" Into K133

Put "=If (C130<80, 1,0)" Into K134

Put "=If (C130>255, 1,0)" Into K135

{Load Results Formulas, RMSE and correlation limits, and percent error}

{Rbo}

Put "=(4.957*((C130/C129)*0.9788)*(C126~(-0.3614)))*L122" Into G126

Page: 1

Put "=If{G126<0.34°L122,""Note 3"",If{G126>0.81*L122,""Note 4"",0.002*L122))" Into H126

Put "" Into 1126

{(Isp)sl}

Put "=G128*G131/(C128*L126)" Into G127
Put "N/A" Into H127

Put "" Into 1127

{(Isp)vac}
Put "=(C128°*C129/(G138/L123))*L125" Into G128



27 March 1993 05:56:55 PM Parametric Database/Object 44 script Page: 2

Put "N/A" Into H128
Put "" Into 1128

{(A throat)avg}

Put "=(-15.2+157.4*((G138/L123)*0.9899)*(C126"(-0.9404))*(C129"(-0.9776))
+(1.027E-5)*C128+0.3134*C129)*L122*L122" Into G129

Put "=If{G129<329°L122°L122,"" Note 3"",IflG129>6820°L122*L122,""Note 4"",11*L122°L122))" Into H12

Put "" Into 1129

{(R throat)avg}

Put "=SqRt(G129/3.141593)" Into G130
Put "N/A" Into H130

Put "" Into 1130

{{Favg)sl}

Put "=(C128-11.54535*G136*G136/(L122*L122))*L126" Into G131
Put "N/A" Into H131

Put "" Into I131

{{Favg)vac}

Put "=C128°*L126" Into G132
Put "N/A" Into H132

Put "" Into 1132

{L case} :

Put "=(-0.3+28.23*((G138/L123)/(C130°C130))*0.9794+(8.696E-4)
*(G138/L123)/C129+0.009766*C126)*L122" Into G133

Put "=IflG133<492*L122,""Note 3"",If{G133>1825*L122,""Note 4"",5*L122))" Into H133

Put "" Into 1133

{L/D case}

Put "=G133/(C130°L122)" Into G134

Put "=If{lG134>5.6,""Note 1"",""N/A"")" Into H134
Put "" Into 1134

{L nozzle}

Put "=(-14.87+1.8468*(C1270.2966)*((G129/(L122°L122))*0.5225)
-0.002486*C126+0.4242°C127-0.02445*C129)*L122" Into G135

Put "=If{G135<46°*L122,""Note 3"",I{G135>374*L122,""Note 4"",3*L122))" Into H135

Put "" Into 1135

{Nozzle Exit Dia}

Put "=(2*SqRt(((G130/L122-0.005*C129)2)*C127))*L122" Into G136
Put "N/A" Into H136

Put "" Into 1136

{Total Length}

Put "=G133+G135+(C132*C130)*L122" Into G137
Put "N/A" Into H137

Put "" Into 1137

{W propellant}

Put "=((0.005028°*C128"0.9953)*(C129* 1.0027)*(C127~(-0.06843))*(C126*(-0.01470)))*L123" Into G138
Put "=If(G138>198000*L123,""Note 4"",If{G138<3010000*L123,"" Note 3"",3466°L123))" Into H138

Put "" Into 1138
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{W nozzle}

Put "=[588.7+0.02444‘Sth(G129/(L122‘L122))'(1+C127)‘(0135/L122)
+0.06048‘((Gl29/(Ll22‘L122))‘0.6750)'((0138/L123)‘0.4703)‘(Cl27“0. 1592))*L123" Into G139

Put "=1f{G139<1944*L123,""Note 3" IfiG139>47600°L123,""Note 4"".1 184*L123))" Into H139

Put "" Into 1139

{W case insulation}

Put "=(-19.5+O.2395‘((Gl38/Ll23)"0.7022)‘(0129"0.3056)'((6133/Ll22)“(-0. 1211))
.0.06024*(G129/(L122°L122)))*L123" Into G140

Put "=1f{G140<1830°L123,""Note 3" If{G140>17200*L123,""Note 4", 107*L123))" Into H140

Put "" Into 1140

{W case}
Put "=(-277.8+(5.822E-4)*C128+
(6. l42E-6)'((G133/L122)"0.8298)‘(C126"0.7754)'(0128“0. 1110)*(C130~1.8575))*L123" Into G141
Put "=If(G141<2840*L123,""Note 3" IfiG141>117000°L123,""Note 4", 1066*L123))" Into H141
Put "" Into 1141

{W igniter}

Put "=(21.0+0.2218‘(Cl26“0.l277)‘((G129/(L122‘Ll22))"1.33l4)‘(C130"(-0.6535)))‘L123" Into G142
Put "=If(G142<76*L123,""Note 3" IflG142>1754°L123,""Note 4"",28*L123))" Into H142

Put "" Into 1142 .

{W nose cone}

Put "=(3395-2098‘C132-0.4705‘((Cl30/2)“2)
+(2.533E-5)‘(((C130/2)‘Sth(((C130/2)“2)+((C132‘0130)‘2)))“2))‘L123" Into G143

Put "N/A" Into H143

Put "" Into 1143

{W external Insulation}

Put "=(87+0.7243*C130+0. 1071*((C130/2)*2))*L123" Into G144
Put "N/A" Into H144

Put "" Into 1144

{W fwd skirt & attach}

Put "=(Exp(2.095+0.05276‘Cl30-0.0000846‘0130‘0130))‘1.123" Into G145
Put *N/A" Into H145

Put "" Into 1145

{W aft skirt & attach}

Put "=(Exp(2.89+0.06343‘Cl30-0.00012‘0130‘C130))‘L123" Into G146
Put "N/A" Into H146

Put "" Into 1146

{W separation system}

Put "=0.0011208°G149" Into G147
Put "N/A" Into H147

Put "" Into 1147

{W misc}

Put "=(-1039-0.00204‘(Gl49/L123)+2.854'((G133+G135)/L122)+0.07885‘((C130/2)"2))‘L123" Into G14
Put "N/A" Into H148

Put "" Into 148

{W SRM}
Put "=Sum(G138..G142)" Into G149



27 March 1993 05:56:56 PM Parametric Database/ Object 44 script Page: 4

Put "" Into H149
Put "" Into 1149

{W stage}

Put "=Sum(G143..G148)" Into G150

Put "=If{G150<4300*L123,""Note 3" If{G150>193000*L123,""Note 4"","*""))" Into H150
Put "" Into 1150

{W SRB}

Put "=G149+G150" Into G151
Put "" Into H151

Put "" Into I151

{V ideal}

Put "=(32.18‘(G128/Ll25)‘Ln((C131+((3151/L123))/(Cl31+(0151/L123)-(G138/L123))))‘L124" Into G15:
Put "N/A" Into H152

Put "" Into 1152

{Mass Fraction}

Put "=G138/G151" Into G153
Put "N/A" Into H153

Put "" Into 1153

{{Impulse)sl}

Put "=G131°C129" Into G154

Put "=If{G154<44000000*L126,""Note 3" IflG154>716000000°L126,""Note 4" ,"*"))" Into H154
Put "" Into 1154

{{Impulse)vac}

Put "=C128*C129*L126" Into G155

Put "=I1f{G155<51000000*L126,""Note 3" If{G155>854000000°L126,""Note 4" **""))" Into H155
Put "" Into I155

{Load Notes}

Put "Note 1:" Into A135
Put "Cases with L/D greater than 5.6" Into C135
Put "are difficult to wind w/o joints." Into C136

Put "Note 2:" Into A138

Put "MG propellant burn rates" Into C138
Put "(Rbo) are tailorable between" Into C139
Put "0.34 and 0.81 ips." Into C140

Put "Note 3:" Into A142
Put "Data is being extrapolated” Into C142
Put "below range of regression.” Into C143

Put "Note 4:" Into A145
Put "Data is being extrapolated” Into C145
Put "above range of regression.” Into C146

Automatic Recalc
Invalidate Off



‘ Meop, psia

Medium Motors  Neutralizing Mg (DL-H435) Propellant

Initial Area Ratio, Ei
{Favg)vac. Ibf

Burn Time, Tb, seconds
Dcase, in

Push Weight, Ibm

Note 2:

Note 3:

Note 4:

900 To ‘ 2000

2,000
10 7 To 19
250,000 62K to 328K
40 30 To 105
70 30 To 105
200,000

Cases with L/D greater than 5.6
are difficult to wind w/o joints.

MG propellant burn rates
(Rbo) are tailorable between
0.34 and 0.81 ips.

Data is being extrapolated
below range of regression.

Data is being extrapolated
above range of regression.

Rbo, in/sec
{Isp)sl, sec-1bf/lbm
(Isp)vac, sec-Ibf/lbm
(A throatjavg, in*2
(R throat)avg, in
(Favg)sl, Ibf
(Favgivac, Ibf

L case, in

L/D case

L nozzle, in

Nozzle Exit O.D., in
Total Length, in

W propellant, lbm
W nozzle, Ibm

W insulation, lbm

W case, lbm

W igniter, Ibom

W SRM, Ibm

W stage, lbm

W SRB, Ibm

V ideal, ft/sec

Mass Fraction
(Impulse)sl, Ibf-sec
(Impulse)vac, Ibf-sec

0.573
253.43
271.88

115.4
6.1
233,035
250,000
217.5
3.11
24.7
38.3
347.2
36,781
540.7
567.2
403.5
24.3
38.317
1,556
39,873
1,456
0.922
9.321E+06
1.000E+07

N/A

13.42
66.95
2.9
7.7
94.8
121.5
N/A
N/A
N/A
N/A

2.995
N/A
0.217
0.872
N/A
N/A
N/A
0.466
N/A
2.282
N/A
N/A
N/A
2.358
1.33
2.64
5.74

4.3

N/A
N/A
N/A
N/A

Figure 48.

Printed Output - "Report" - English Units
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Figure 50. Script for Mg Clean
Propellant Model
(Medium Motors)

TA3-0330



27 March 1993 05:58:49 PM Parametric Database/Object 240 script

Invalidate On
Manual Recalc
Select Range A57
Window Scale 65%

{Titles and dates}

Put " Medium Motors" Into A64

Put "Neutralizing Mg (DL-H435) Propellant” Into Cé64
Put "18 August 1992" Into A65

{Initial Independent Variable Setup}

Put 2000 Into C67 {Meop, psia}

Put 10 Into C68 {Initial Area Ratio, Ei}
Put 250000 Into C69 {(Favg)vac, 1bf}

Put 40 Into C70 {Burn Time, Tb, seconds}
Put 70 Into C71 {Dcase, in}

Put 200000 Into C72 {Push Weight, lbm}

{Load Range Information}

Put "900 To 2000" Into D67
Put "7 To 19"Into D68

Put "62K to 328K" Into D69
Put "30 To 105" Into D70
Put "30 To 105" Into D71

{Load Range Limit Checks}

Put "=If (C67<900, 1,0)" Into K67
Put "=If (C67>2000, 1,0)" Into K68
Put "=If (C68<7, 1,0)" Into K69

Put "=If (C68>19, 1,0)" Into K70

Put "=If (C69<62000, 1,0)" Into K71
Put "=If (C69>328000, 1,0)" Into K72
Put "=If (C70<30, 1,0)" Into K73

Put "=If (C70>105, 1,0)" Into K74
Put "=If (C71<30, 1,0)" Into K75

Put "=If (C71>105, 1,0)" Into K76

{Load Dependent Terms and Intermediate Results}

Put "=C71/C70" Into M76

Put "=C67*M76" Into M78

Put "=(C67/1000)*0.39" Into M80

Put "=C69*C70" Into M82

Put "=C69/C67" Into M84

Put "=M84/C68" Into M86

Put "=(G79/L3)/C70" Into M88

Put "=(G79/L3)/(C71°C71)" Into MO

Put "=(G71/L2)*C68" Into M92 .
Put "=((Sth(G70)+Sth(G70‘068))/2‘G76)/(L2‘L2)" Into M94

Page: 1
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Put "=(G79/L3)/C70%(26.0314*C70/(C71°C7 1)+0.000046398)" Into M97
Put "=LN((C72+(G86/L3))/(C72+(G86-G79)/L3))" Into M100

{Load Results Formulas, RMSE and correlation limits, and percent error}

{Rbo}

Put "=(0.45361+0.31293'M76+0.00001733331‘M78-0.37345‘M80)‘L2" Into G67
Put "=I1f{G67<0.306*L2,""Note 3" If{G67>0.532*L2,""Note 4"",0.0125*L2))" Into H67
Put 2.995 Into 167

{(Isp)sl}

Put "=G72*C70/G79" Into G68
Put "N/A" Into HE68

Put "N/A" Into 168

{(Isp)vac}

Put "=(243.468+3.47093‘068-0.079374‘068‘068+0.0000l0827‘C69-0.026726‘C70)‘L5" Into G69
Put "=If(G69<261°L5,""Note 3"" IflG69>286°L5,""Note 4"",0.595*L5))" Into H69

Put 0.217 Into 169

{(A throat)avg}

Put "=(8.2551+0.0000009095‘M82+O.72572‘M84+0.58737‘M86)‘L2'L2" Into G70

Put "=If{(G70<46.5°L2°L2,""Note 3" I{G70>368.2*L2*L2,""Note 4"",1.57*L2*L2))" Into H70
Put 0.872 Into 170

{(R throat)avg}

Put "=SqRt(G70/3.141593)" Into G71
Put "N/A" Into H71

Put "N/A" Into 171

{(Favg)sl}

Put "=(C69-l4.7‘C68‘G70/(L2‘L2))'L6" Into G72
Put "N/A" Into H72

Put "N/A" Into 172

{(Favg)vac}

Put "=C69*L86" Into G73
Put "N/A" Into H73

Put "N/A" Into 173

{L case}

Put "=(6.918+26.0782*M90+ 10.5873‘M80-0.049018‘C70+0.000008449'C71 *C71*C71)*L2" Into G74
Put "=I1f{G74<207°*L2,""Note 3" If{G74>462*L2,""Note 4"",1 .519*L2))" Into H74

Put 0.466 Into 174

{L/D case}

Put "=G74/(C71*L2)" Into G75

Put "=If{G75>5.6,""Note 1".""N/A"")" Into H75
Put "N/A" Into 175

{L nozzle}

Put "=(-26.0584+6.33835*(G71/L2)+0. 16796*M92-0.001205*C67+0.46015*C68)*L2" Into G76
Put "=If(G76<5.3°L2,""Note 3™ IfiG76>89.2°L2," Note 4"",0.94°L2))" Into H76

Put 2.282 Into 176
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{Nozzle Exit Dia}

Put "=2*G71*SqRt(C68)" Into G77
Put "N/A" Into H77

Put "N/A" Into 177

{Total Length}

Put "=G74+G76+(1.5*C71)*L2" Into G78
Put "N/A" Into H78

Put "N/A" Into 178

{W propellant}

Put "=(C69°*L6)*C70/G69" Into G79

Put "=If{(G79>105000°L3,""Note 4"",1f{G79<15000°L3,""Note 3"",""N/A""))" Into H79
Put "N/A" Into [79

{W nozzle}

Put "=(36.9679+0.000011857*M82+0. 1818*M94+1.41166°C70+9.22776°G76/L2)*L3" Into G80
Put "=If(G80<221*L3,""Note 3" If{G80>1819*L3,""Note 4"",21*L3))" Into H80

Put 2.358 Into 180

{W insulation}

Put "=(-l70.912+0.09922‘C71‘C71+M97+1.41 144*C70)*L3" Into G81

Put "=If{G81<260*L3,""Note 3" IflG81>2085*L3,""Note 4"",13.42*L3))" Into H81
Put 1.33 Into 181

{W case}
Put "=(-143.337+0.03013*C71°C71 +3.5389‘C71+0.0006026‘069+0.0000222242‘G79/L3)‘L3" Into G82

Put "=IflG82<394°*L3,""Note 3", If{G82>5676°L3,""Note 4"",66.95°L3))" Into H82
Put 2.64 Into 182

{W igniter}

Put "=(15.6963+0.00014004‘(070/(L2‘L2))/(C7l‘C71)+51. 1973*M88/C67-0.0074883*C67)*L3" Into G83
Put "=If{lG83<16.13*L3,""Note 3" If{G83>106.5*L3,""Note 4"",2.9*L3))" Into H83

Put 5.74 Into 183

(W SRM}

Put "=Sum(G79..G83)" Into G84
Put "=71.7*L3" Into H84

Put " " Into 184 -

{W stage}

Put "=(-502.96+0.16858‘071'C7l+0.001425‘C71‘C71‘C71+3.07233‘(G74+G76)/L2)‘L3" Into G85
Put "=1f{G85<674*L3.""Note 3" If{G85>4240°L3," Note 4"",94.8°L3))" Into H85

Put 4.3 Into 185

(W SRB}

Put "=G84+G85" Into G86
Put "=121.5*L3" Into H86
Put " " Into 186

{V ideal}

Put "=((G69/L5)*32.18°M100)*L4" Into G87
Put "N/A" Into H87

Put "N/A" Into 187
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{Mass Fraction}

Put "=G79/G86" Into G88
Put "N/A" Into H88

Put "N/A" Into 188

{{Impulse])sl}

Put "=G72*C70" Into G89
Put "N/A" Into H89

Put "N/A" Into 189

{(Impulse)vac}

Put "=G73*C70" Into G9O
Put "N/A" Into H90

Put "N/A" Into 190

{Load Notes}

Put "Note 1:" Into A76
Put "Cases with L/D greater than 5.6" Into C76
Put "are difficult to wind w/o joints." Into C77

Put "Note 2:" Into A79

Put "MG propellant burn rates” Into C79
Put "(Rbo) are tailorable between" Into C80
Put "0.34 and 0.81 ips." Into C81

Put "Note 3:" Into A83

Put "Data is being extrapolated” Into C83
Put "below range of regression.” Into C84
Put "Note 4:" Into A86

Put "Data is being extrapolated” Into C86
Put "above range of regression." Into C87
Automatic Recalc

Invalidate Off

Page: 4
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Ingredient Weight Percent
PGN 35.0
Al 25.0
AN*

40.0

* varied for mechanical property control
** varied for burn rate control

Figure 51. Nominal Composition of Non-Chlorine Clean Propellant

Exhaust Product Mass Fraction
CO (9 0.236
CO2 (g) 0.0175
AIOH 0.00001
AIO2H 0.00001
AI203 (1 & s) 0.472
OH (g) 0.00017
H (9) 0.00023
H2 (g) 0.0274
H20 (g) 0.0653
NO (g) 0.00001
N2 (g) 0.1811

Figure 52. Theoretical Exhaust Products at 1,000 psi
Chamber Pressure Expanded to 14.7 psi

Non-Chlorine Clean Propellant




Large Motors

Non-Chlorine (PGN/AN/AL) Clean Propellant

Meop, psia
Initial Area Ratio, Ei
(Favgjvac, lbf

Burn Time, Tb, seconds «

Dcase, In
Push Weight, lbm

= 1,000 200 To 2000
- 7.0 5 To 19
- 2,590,000 (320K To 89M
111 60 To 178
- 146 80 To 255
. 1,000,000
1.30

Note 2:

Note 3:

Note 4:

Cases with L/D greater than 5.6
are difficult to wind w/o joints.

MG propellant burn rates
(Rbo) are tailorable between
0.33 and 0.818 ips.

Data is being extrapolated
below range of regression.

Data is being extrapolated
above range of regression.

Rbo, in/sec

{Isp)s], sec-1bf/lbm
(Isp)vac, sec-Ibf/lbm
(A throat)avg, in"2
(R throat)avg, in
(Favg)sl, 1bf
(Favg)vac, 1bf

L case, in

L/D case

L nozzle, in

Nozzle Exit O.D., in
Total Length, in

W propellant, Ibm
W nozzle, Ibm

W insulation, Ibm
W case, lbm

W igniter, lbm

W nose cone, lbm
W ext insul, Ibm

W fwd skirt, Ibm
W aft skirt, Ibm

W separation, lbm
W misc, lbm

W SRM, Ibm

W stage, lbm

W SRB, lbm

V ideal, ft/sec
Mass Fraction
(Impulse)sl, Ibf-sec

(Impulse)vac, 1bf-sec

0.540
244.10
267.69

2,312.2
27.1
2,361,706
2,590,000
1,230.4
8.43

171.1

140.6
1,691.3

1,073,951
13,442.8
7.003.6
26,915.1
639.2
3,742.3
763.5
2,965.0
14,659.7
1,257.5
1.634.1
1.122E+06
2.502E+04
1.147E+06
5.9756E+03
9.363E-01
2.621E+08
2.875E+08

0.002
N/A
N/A

11
N/A
N/A
N/A

Note 1

N/A
N/A
3,048
5687
241
209
22
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A

Figure 53.

Printed Output - “Report" - English Units
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Figure 55. Equations for Non-Chlorine
Clean Propellant Model
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Equations for Stage Components

Variable tobe
Calculated ~  Equation

Nose Cone Weight, 1bm

Wrose Cone = 3395 = 2098Ny4 - 0.4705(D: /2" + 2.533x10°3{(D. /2){ (D 127 + NyaD: P
External Insulation Weight, Ibm
Wes iinsutation = 87 +0.7243D; +0.1071(D; 12)?

Fwd Skirt and Attach Weight, lbm

Wewasiin = €29 +0.05276D; ~0.0000846D3)
w r”

Aft Skirt and Attach Weight, Ibm

“’AflSkln - e(2.89¢0.063430¢-0.00012D¢2)

Separation System Weight, Ibm
‘VSepamﬁon = 0.0011208W,

Misc Weight, Ibm

Woise = —1039 = 0.00204W, m +2.854Lcase & nozate +0.07885(D; /2)*

TA3-0321



Large Motors Equations For Non-Chlorine Propellant

Burning Rate @ 1000 psia, if 3 0.9793 RMSE = 0.002
@ P Rbo = 5.362(%) Meop™®¥1 (0.33-0.818)
Propellant Weight, bm W,=6424+ 0.004462F 7% 710027 001409 1,0 002841 RMSE = 3,048
(200k-3M)
Vacuum specific Impulse, Isp, = BT, Analytical
ibf-sec/lbm YT Equation
Average Nozzle Throat Area, 4, =-11.5+ 187.8W294Meop™09T8 T, %* +1.923E - 5F, +0.34617, RMSE = 11
n? (334-9,760)
Average Nozzle Throat R = F Analytical
Radius, in tTNT Equation
n J t . b i Equanon
Average Sea Level Thrust, Ibf  F; = F,-3.675E,xD? Analytical
Equation
Sea Level Specific Impulse, Ispou = Ip.Fu Analytical
Ibfsec/lbm P = 7, Equation
Boss-Boss Case Length, in _ w, 199735 y RMSE =5
L.=-30+2679 %] +0.0008531+0.008615Meop oo Lett)
Nozzle Length (AR Case Boss [ — 6.3+ 1.892E°%Y74; """ - 0.00226TMeop +0.4660E - 0.02340T, RMSE =3
to Nozzle Exit), in (50-380)
Case length to Diameter Ratio, [ /D, = L Analytical
dim De Equation
Booster Total Length, in Liotal =L.+L,+NuD. Analytical
Equation
Igniter Weight, bm Wign=16.6+ 0‘2810Me0pu.11672:‘<23'7 D;osiss RMSE =22
(77-2,922)
Nozzle Wei Ibm = —=0.6079 =56
ozzle Weight. W, =327.3+0.02671 A, (1 +EDLa+0.16647; W@ E ! oty
Internal Case Insulation, Ibm W, =-19.4+0.2425 Wg]MSTg.JlOZ«}L;o_ls“ +Z(:06609 RMSE = 241
(1,700-16,800)
Empty Case Weight, lbm 7 = _122.9+5.155E —4F, +6.142E ~ 6L\ feop® TR ¥ DLE® RMSE = 909
(2,720-110k)
Total Rocket Motor Weight, W = W+ Wo+ Wi+ We + Wign Analytical
ibm Equation
TO!«:II Stage Component W g = w, NoseCone + WExtInwlalion +W FwdSkirt + W, ANSkirt + WScpmlon +W Mise. Analytical Eq.
Weight, Ibm (4,300-193K)
Total Booster weight, Ibm Wos = Wom + W,,‘ Analytical
Equation
Booster Ideal Velocity, ftisec 1 _ W s+ Wers Analytical
Videaw = Ispsin (——WMWW—W,@) 32.18 Equation
Booster Mass Fraction, dim  Aff,, = lef; .gnaly}ical
quation
Total Impulse Sea Level, Ig= f‘,, Ts Analytical Eq.
Ibf:sec (45M-720M)
Total Impulse vacuum, I,=F,Ts Analytical Eq.
lbm-sec (52M-861M)

1/14/93



Figure 56. Script for Non-Chlorine Clean
Propellant Model

TA3-0331



27 March 1993 06:05:16 PM Parametric Database/Object 45 script

Invalidate On
Manual Recalc
Select Range A116
Window Scale 65%

{Titles and dates}

Put " Large Motors" Into A123

Put "Non-Chlorine (PGN/AN/AL) Clean Propellant” Into cl23
Put "14 January 1993" Into A124

{Initial Independent Variable Setup}

Put 1000 Into C126 {Meop, psia}

Put 7 Into C127 {Initial Area Ratio, Ei}

Put 2590000 Into C128 {(Favg)vac, 1bf}

Put 111 Into C129 {Burn Time, Tb, seconds}

Put 146 Into C130 {Dcase, in}

Put 1000000 Into C131 {Push Weight, lbm}

Put 1.3 Into C132 {Nose Cone Length/Diameter}

{Load Range Information}

Put "200 To 2000" Into D126
Put "5 To 19"Into D127

Put "320K To 8.9 M"Into D128
Put "60 To 178" Into D129

Put "80 To 255" Into D130

{Load Range Limit Checks}

Put "=If (C126<200, 1,0)" Into K126

Put "=If (C126>2000, 1,0)" Into K127
Put "=If (C127<5, 1,0)" Into K128

Put "=I1f (C127>19, 1,0)" Into K129

Put "=If (C128<320000, 1,0)" Into K130
Put "=If (C128>8900000, 1,0)" Into K131
Put "=If (C129<60, 1,0)" Into K132

Put "=If (C129>178, 1,0)" Into K133

Put "=If (C130<80, 1,0)" Into K134

Put "=If (C130>255, 1,0)" Into K135

{Load Results Formulas, RMSE and correlation limits, and percent error}

{Rbo}

Put "=(5.362‘((CISO/C129)“0.9793)‘(0126‘(-0.3713)))‘L122“ Into G126

Page: 1

Put "=I1f{G126<0.33*L122,""Note 3" IflG126>0.818°L122,""Note 4"",0.002°L122))" Into H126

Put "" Into 1126

{{Isp)sl}

Put "=G128*G131/(C128*L1286)" Into G127
Put "N/A" Into H127

Put ""Into 1127

{(Isp)vac}
Put "=(C128°C129/(G138/L123))*L125" Into G128
Put "N/A" Into H128
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Put "" Into 1128

{(A throat)avg}

Put "=(-11.5+ l87.8‘((0138/L123)‘0.9949)‘(0126“(-0.9708))‘(0129"(-0.9838))
+(1.932E-5)*C128+0.3461*°C129)*L122°L122" Into G129

Put "=If{G129<334°L122°L122,""Note 3" If{G129>9760°L122*L122,""Note 4"",1 1*L122*L122))" Into H12

Put "" Into 1129

{(R throat)avg}

Put "=SqRt(G129/3.141593)" Into G130
Put "N/A" Into H130

Put "" Into 1130

{{(Favg)sl}

Put "=(C128-1 1.54535°G136°G136/(L122*L122))*L126" Into G131
Put "N/A" Into H131

Put "" Into 1131

{(Favg)vac}

Put "=C128°*L126" Into G132
Put "N/A" Into H132

Put "" Into 1132

{L case}

Put "=(-3.0+26.79‘((G138/L123)/(C130‘0130))"0.9735+(8.53lE-4)
‘(6138/L123)/Cl29+0.008615‘Cl26)'L122" Into G133

Put "=1f{G133<457*L122,""Note 3" 1f(G133>1688*L122,""Note 4"*,5*L122))" Into H133

Put "" Into 1133

{L/D case}

Put "=G133/(C130*L122)" Into G134

Put "=IflG134>5.6,""Note 1"",""N/A"")" Into H134
Put "" Into 1134

{L nozzle}

Put "=(-16.3+1 .892‘(C127‘0.2937)‘((6129/(L122‘L122))"0.5206)
.0.002267°C126+0.4660°C127-0.02340*C129)*L122" Into G135

Put "=1f{G135<50*L122,""Note 3" IflG135>380*L122," Note 4"",3°L122))" Into H135

Put "" Into 1135

{Nozzle Exit Dia}

Put "=(2‘Sth(((G130/L122-0.005‘C129)"2)‘0127))‘L122" Into G136
Put "N/A" Into H136

Put "" Into 1136

{Total Length}

Put "=G133+G135+(C132*C130)*L122" Into G137
Put "N/A" Into H137

Put "" Into 1137

{W propellant}
Put "=(642.4+(0.004462‘(C128"0.9955)‘(0129" 1.0027)*

(C127%(-0.07409))*(C126"0.002841)))*L123" Into G138
Put "=If(G138<200000°L123,""Note 3" 1f{G138>3000000°L123,""Note 4"",3048*L123))" Into H138
Put "" Into 1138
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{W nozzle}
Put "=(327.3+0.0267I'Sth(G129/(L122‘L122))‘(1+C127)‘(Gl35/L122)
+0. l664‘((G129/(L122‘L122))“0.6079)‘(((}138/L123)“0.4469)‘(0127“0. 1111))*L123" Into G139
Put "=If{G139<2600*L123,""Note 3" If{G139>49800*L123,""Note 4"",567*L123))" Into H139
Put "" Into 1139

{W case insulation}

Put "=(-19.4+0.2425'((G138/L123)"0.7148]‘(C129“0.3103)‘(((}133/L122)"(-0. 1566))
+((G129/(L122*L122))*0.06609))°L123" Into G140

Put "=If{G140<1700*L123,""Note 3"",1f{G140> 16800*L123,"" Note 4"",241°L123))" Into H140

Put "" Into 1140

{W case}
Put "=(-122.9+(5.155E-4)*C128+
(6. 142E-6)‘((G133/L122)“0.8250)‘(C126“0.7722)‘(0128"0.l 108)*(C130~1.869))*L123" Into G141
Put "=If(G141<2720*L123,""Note 3" IflG141>110000*L123,""Note 4"",909*L123))" Into H141
Put "" Into 1141

{W igniter}

Put "=(16.6+0.2810*(C126"0.1 167)‘((G129/(L122‘L122))"1.287)‘(C130"(-0.6164)))‘L123" Into G142
Put "=If(G142<77*L123,""Note 3" If{G142>2922°L123,""Note 4"",22°L123))" Into H142

Put "" Into 1142

{W nose cone}

Put "=(3395-2098*C132-0.4705*((C130/2)"2)
+(2.533E-5)'(((C130/2)‘Sth(((Cl30/2)“2)+((Cl32‘0130)“2)))"2))‘1.123" Into G143

Put "N/A" Into H143

Put "" Into 1143

{W external Insulation} .
Put "=(87+0.7243*C130+0. 1071%((C130/2)*2))*L123" Into G144
Put "N/A" Into H144

Put "" Into 1144

{W fwd skirt & attach}

Put "=(Exp(2.095+0.05276‘Cl30-0.0000846‘0130‘0130))‘L123" Into G145
Put "N/A" Into H145

Put "" Into 1145

(W aft skirt & attach}

Put "=(Exp(2.89+0.06343‘C130-0.00012‘C130'C130))‘L123" Into G146
Put "N/A" Into H146

Put "" Into 1146

{W separation system}

Put "=0.0011208*G149" Into G147
Put "N/A" Into H147

Put "" Into 1147

{W misc}

Put "=(- 1039-0.00204‘(0149/L123)+2.854‘((G133+Gl35)/L122)+0.07885‘((Cl30/2)"2))‘L123" Into G14
Put "N/A" Into H148

Put "" Into 1148

{W SRM}
Put "=Sum(G138..G142)" Into G149
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Put "" Into H149
Put "" Into 1149

{W stage}
Put "=Sum(G143..G148)" Into G150
Put "=1f{G150<4300°L123,""Note 3" [flG150>193000°L123,""Note 4" ")) Into H150

Put "" Into 1150

{W SRB}

Put "=G149+G150" Into G151
Put "" Into H151

Put "" Into 1151

{V ideal}

Put "=(32.18‘((}128/L125)'Ln((C131+[Gl51/L123))/(C131+(6151/L123)-(G138/L123))))‘L124" Into G15%
Put "N/A" Into H152

Put "" Into 1152

{Mass Fraction}

Put "=G138/G151" Into G153
Put "N/A" Into H153

Put "" Into 1153

{(Impulse)sl}

Put "=G131°C129" Into G154

Put "=If(G154<45000000‘L126.""Note 3'"'.If(Gl54>720000000'L126,""Notc 4" """ Into H154
Put "" Into 1154

{{(Impulse)vac}

Put "=C128*C129°L126" Into G155

Put "=If{lG155<52000000*L126,""Note 3" 1f{G155>861000000*L126,""Note 4" ,"""))" Into H155
Put "" Into 1155

{Load Notes}

Put "Note 1:" Into A135
Put "Cases with L/D greater than 5.6" Into C135
Put "are difficult to wind w/o joints." Into Cl136

Put "Note 2:" Into A138

Put "MG propellant burn rates” Into C138
Put "(Rbo) are tailorable between” Into C139
Put "0.33 and 0.818 ips.” Into C140

Put "Note 3:" Into A142

Put "Data is being extrapolated” Into Cl42
Put "below range of regression." Into Cl43

Put "Note 4:" Into A145

Put "Data is being extrapolated” Into C145
Put "above range of regression.” Into Cl146
Automatic Recalc

Invalidate Off



TA3-0421Fig

Ingredient Weight Percent
Fuel Grain
Escorez 60.0
HTPB 40.0
Oxidizer
(o2} 100.0

Figure 57. Nominal Composition of Hybrid Propellant

Exhaust Product Mass Fraction Mass Fraction
@OF =28 @OF =18
CO (g) 0.2032 0.5632
CO, (9) 0.5236 0.2591
OH (g) 0.0155 0.0000
H (9) 0.0003 0.0000
H, (0) 0.0024 0.0224
H50 (g) 0.2286 0.1536
NO (9) 0.0004 0.0000
N5 (g) 0.0011 0.0017
04 (9) 0.0025 0.0000
02 (9) 0.0224 0.0000

Pressure Expanded to 14.7 psi
Hybrid Propellant .

Figure 58. Theoretical Exhaust Products at 1,000 psi Chamber




Large Motors
1093

Meop. psia

Initial Area Ratio, Ei
{Favg)vac, Ibf

Burn Time, Tb, seconds
Nose Cone L/D

Max Ox Flux, lbm/s-in*2
Avg MR, O/F
Push Weight, Ibm

Note 2:

Hybrid Propellants

8 8 To 20
1,267,508 280K To 21 M

45 45 To 200

13 05 To 3.0

0.2 02 To 1.0

1.8 1.8 To 2.8
1.000.000

Data is being extrapolated
below range of regression.

Data is being extrapolated
above range of regression.

Rt
D nozzle exdt, in

{Isp)vac, sec-lbf/lbm - 284.48
(A throat)avg, In*2 - 1,765.4
(R throatjavg, in - 23.7
(Favg)sl, Ibf - 1,063,817
{(Favg)vac, 1bf - 1,267,506
L tank & case, in - 803.5
L/D case = 4.91
L nozzle, in - 125.7
D motor, in - 163.5
Total Length, in - 1,141.9
W oxidizer, lbm - 128,454
W fuel, Ibm - 71.363
W propellant, lbm - 199,818
W nose cone, Ibm - 6,307.4
W ext insul, lbm - g21.5
W fwd skirt, Ibm - 4,724
W aft skirt, Ibm - 23.240
W separation, lbm - 261
W misc, Ibm - 1,666
W HRM, Ibm - 232,514
W stage, lbm - 3.712E+04
W HRB, Ibm - 2.696E+05
V ideal, ft/sec - 1.568E+03
Mass Fraction « B8.594E-01
{Impulse)sl, Ibf-sec - 4.787E+07
(Impulsejvac, Ibf-sec - 5.704E+07

132.8

N/A

N/A
0.9
N/A
N/A
71
N/A
53

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
0.012
N/A
N/A

Figure 59.

Printed Qutput - "Report" English Units
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Figure 61. Equations for Hybrid Rocket
Booster Model

TA3-0422



Equations for Stage Components

Variable tobe
Calculated Equation

Nose Cone Weight, Ibm

Wiose Cone = 3395 - 2098Ny,q - 0.4705(D; /2)? +2.533x1073{(D. /2)y/(D. /2)* + (NyyaD. }?
External Insulation Weight, Ibm
Wi insulasion = 87 +0.7243D; +0.1071(D: 12)

Fwd Skirt and Attach Weight, lbm

Wewastine = €20 +0.05276D, -0.0000846D2)
W

Aft Skirt and Attach Weight, Ibm

Wi pisin = £(289+0.06343D ~0.00012D})

Separation System Weight, lbm
Wseparstion = 0-0011208W;

Misc Weight, 1bm

Wosse = —1039 = 0.00204W, p, +2.854Lcare & nozsie +0-07885(D./2)°

TA3-0321



Large Hybrid Motor Design Equations

Vacuum specific Impulse, = _ . - 01414173938 68572526 | RMSE =19
Ibf-sec/lbm Isp, =314.4 8.242X +0.4932X2, where X=Ln|F, E; OIF*$83T, 1 (28033178)
Average Nozzle Throat R' =1.266+ 0‘3718Me0p—0.5035i‘*°'5|237'0-007919 RMSE =0.9
Radius, in Y b (7.5-93.9)
Impulse vacuum, Ibm-sec 1, = I_J‘va Analytical
Equation
Diameter of Nozzle @ Exit, in _ B _ 2 Analytical
D,=2 ,}( +~0.005T})E, Equation
Average Sea Level Thrust, Ibf  Fy = F, - 3.6757D}, Analytical
Equation
Sea Level Specific Impulse, Ispoat = Isp Fu Analytical
[bf-sec/ibm Pyl = T, Equation
Hybrid Roctet Motor diameter, [ = 5.8 +0.005607.X ~ 1.136¢ - 9.X; swhere X= FO poamseryien  RMSES3
in (84-636)
el Nz Longhi i L. = 190.1 - 294 4X - 205.3X} +407.9X% X = VR, °F.* Meapts™ RS T
ne ’ f ! ' (45-1005)
Total Length of Tank Plus = 0.17675+0- 4396 10,4159 03173 0002468 0.3836 RMSE =71
o Lrec = 16.7+2.860F0%F, T3P D3 Meop O/F- 6545255)
Hybrid Rocket Motor length, in Lymys = Lnes +L7c Analytical Eq.
(746-3845)
Booster Total Length, in Lire = Linu + NyaDm Analytical
Equation
Fuel Used Weight, Ibm Wit = 0.9966F T4/ [Isp.(1 + O/F)] Analytical
Equation
0, Used Weight, Ibm Wo, = WaaO/F Analytical
Equation
Total Weight Propellant Used, Wp = Wﬁ“, + Wo, Analytical
Tom Equation
Hybrid Rocket Motor Mass  Mfypa = —5.324 +6.696 X - 0.7267¢ - 6 X%, where RMSE = 0.012
Fraction, dim (0.73-091)
X= Meop—nm l83E1-0-001051F09'.‘(:g2209 0/};\-0.0035997-2.0041711:0.0007922
Total Hybrid Rocket Motor Wrrne = Wp I Mf tru Analytical
Weight, Ibm Equation
Total Stage Component W:m =W NoseCone + W, Extinsulation + WFudSb’n +W, AfiSkirt + WS:paru‘on +W Mise. Analyﬁcal Eq'
Weight, lbm (4,300-193K)
Total Hybrid Rocket Booster  Wypg = Wipns + Wag Analytical
weight, Ibm Equation
Booster [deal Velocity, ft/sec o Woan+Wiins Analytical
Videa = Isp.In (W,..»+Wm—Wp) 3218 Equation
Total Impulse Sea Level, ly= FATb Analytical

ibf-sec Equation




Figure 62. Script for Hybrid Rocket
Booster Model

TA3-0423



27 March 1993 06:14:51 PM Parametric Database/Object 16 script

Invalidate On

Manual Recalc
Select Range A422
Window Scale 65%

{Titles and dates}

Put " Large Motors" Into A408

Put "Hybrid Propellants" Into C408
Put "23 March 1993" Into A409

{Initial Independent Variable Setup}

Put 500 Into C411 {Meop, psia}

Put 8 Into C412 {Initial Area Ratio, Ei}

Put 1267506 Into C413 {(Favg)vac, 1bf}

Put 45 Into C414 {Burn Time, Tb, seconds}

Put 1.3 Into C415 {Nose Cone Length/Diameter}

Put 0.2 Into C416 {Max Oxidizer Flux}

Put 1.8 Into C417 {Average Oxidizer/Fuel Ratio, O/F}
Put 1000000 Into C418 {Push Weight, lbm}

{Load Range Information}

Put "500 To 1500" Into D411
Put "8 To 20" Into D412
Put"280K To 21 M"IntoD413
Put "45 To 200" Into D414

Put "0.2 To 1.0"Into D416

Put "1.8 To 2.8"Into D417

{Load Range Limit Checks}

Put "=If (C411<500, 1,0)" Into K411

Put "=If (C411>1500, 1,0)" Into K412
Put "=If (C412<8, 1,0)" Into K413

Put "=If (C412>20, 1,0)" Into K414

Put "=If (C413<280000, 1,0)" Into K415
Put "=If (C413>21000000, 1,0)" Into K416
Put "=If (C414<45, 1,0)" Into K417

Put "=If (C414>200, 1,0)" Into K418
Put "=If (C416<0.2, 1,0)" Into K419

Put "=If (C416>1.0, 1,0)" Into K420

Put "=If (C417<1.8, 1,0)" Into K421

Put "=If (C417>2.8, 1,0)" Into K422

{Load Results Formulas, RMSE and correlation limits, and percent error}

{D nozzle exit}

Put "=(2*SqRt{(((G415/L402)-0.005°C414)*2)*C412))*'L402" Into G411

Put "N/A" Into H411

Page: 1



97 March 1993 06:14:53 PM Parametric Database/Object 16 script Page: 2
Put "" Into 1411

{(Isp)vac}

Put "=LN((C413"0. 1414)*(C412~3.938)*(C417"3.685)*(C414*(-0.2526)))" Into M413

Put "=(314.4-8.242*M412+0.4932*M413*M413)*L405" Into G413

Put "=If{lG413<280.3°L405,""Note 1", If{G413>317.8°L405,""Note 2"",1.9*L405))" Into H413
Put "" Into 1413

{{Isp)sl}

Put "=((G413*G416)/(C413*L406))" Into G412
Put "N/A" Into H412

Put "" Into 1412

{(R throat)avg}

Put "=(1.266+(0.3718*C411 ~(-0.5035))*(C413~0.5123)*C414*0.007919)*L402" Into G415
Put "=If{G415<7.5*L402,""Note 1"",1f(G415>93.9°L402,""Note 2"",0.9°L402))" Into H415
Put "" Into 1415

{{A throat)avg}

Put "=3.141593*G415*G415" Into G414
Put "N/A" Into H414

Put "" Into 1414

{(Favg)sl}

Put "=(C413-11.54535*G411°G411 /(L402°L402))*L406" Into G416
Put "N/A" Into H416

Put "" Into 1416

{{Favg)vac}

Put "=C413°*L406" Into G417
Put "N/A" Into H417

Put "" Into 1417

{L tank & case}

Put "=(16.7+2.86*(C416"0. 1767)*(C413°0.4396)*(C414°0.4159)*((G421 /L402)*(-0.3175}))
*(C411~(-0.002468))*(C417*(-0.3836)))*L402" Into G418

Put "=1f{G418<654°L402,""Note 1"",1f{G418>3255°L402,""Note 2"* 71*L402))" Into H418

Put "" Into 1418

{L/D case}

Put "=G418/G421" Into G419
Put "N/A" Into H419

Put "" Into 1419

{L nozzle}

Put "=(C41270.1327)*((G415/L402)*1 .568)*(C4134(-0.6560))*(C411"0.6478)" Into M420
Put "=( 190.1-294.4*M420-205.3*M420°M420+407.9°M420"3)°L402" Into G420

Put "=1f{G420<45°L402,""Note 1"",1f(G420>1005°L402,""Note 27", 53*L402))" Into H420
Put "" Into 1420

{D motor}

Put '=(C413“0.5991)‘(C416“(-0.4856))‘(C414“0. 1652)" Into M421

Put "=(59.8+0.005607*M421-1.136E-9*(M42 1*M421))*L402" Into G421

Put "=If(G421<84*L402,""Note 1"",1f{G42 1>636°L402,""Note 2"",3°L402))" Into H421
Put "" Into 1421



27 March 1993 06:14:53 PM Parametric Database/Object 16 script Page: 3

{Total Length}

Put "=G420+G418+C415*°G421" Into G422
Put "N/A" Into H422

Put "" Into 1422

{W oxidizer}

Put "=G424*C417" Into G423
Put "N/A" Into H423

Put "" Into 1423

{W fuel}
Put "=(0.9966‘C413‘C414/((G413/L405)‘(1+C4l7)))‘L403" Into G424

Put "N/A" Into H424
Put "" Into 1424

{W propellant}

Put "=G423+G424" Into G425
Put "N/A" Into H425

Put "" Into 1425

{W nose cone}

Put "=(G421/L402)" Into M426

Put "=(3395-2098‘C415-0.4705'((M426/2)“2)
+(2.533E-5)‘(((M426/2)‘Sth(((M426/2)“2)+((C415'M426)“2)))"2))‘L403" Into G426

Put "N/A" Into H426

Put "" Into 1426

{W external Insulation}

Put "=(87+0.7243*M426+0. 1071°*((M426/2)*2))*L403" Into G427
Put "N/A" Into H427

Put "" Into 1427

{W fwd skirt & attach}

Put "=(Exp(2.095+0.05276'M426-0.0000846‘M426'M426))‘L403" Into G428
Put "N/A" Into H428

Put "" Into 1428

{W aft skirt & attach}

Put "=(Exp(2.89+0.06343‘M426-0.00012‘M426‘M426))‘L403" Into G429
Put "N/A" Into H429 '

Put "" Into 1429

{W separation system}

Put "=0.0011208*G432" Into G430
Put "N/A" Into H430

Put "" Into 1430

{W misc}

Put "=(-1039-0.00204‘(G432/L403]+2.854‘((G418+G420)/L402)+0.07885‘((M426/2)"2))‘L403" Into G4¢
Put "N/A" Into H431

Put "" Into 1431

{W HRM}

Put "=G425/G436" Into G432
Put "" Into H432

Put "" Into 1432



27 March 1993 06:14:54 PM Parametric Database/Object 16 script Page: 4

{W stage}

Put "=Sum(G426..G431)" Into G433

Put "=If(G433<4300°L403,""Note 1"".1f{G433>193000*L403,""Note e wenmyyn Into H433
Put "" Into 1433

(W HRB}

Put "=G432+G433" Into G434
Put "" Into H434

Put "" Into 1434

{V ideal}

Put "=(32. l8‘(0413/L405)‘Ln((C418+(G434/L403))/(C418+(G434/L403)-(G425 /L403))))*L404" Into G43¢
Put "N/A" Into H435

Put "" Into 1435

{Mass Fraction}

Put "=(C4114(-0.01 183))‘(0412“(-0.00105l))‘(C416‘0.002209)‘(C417“(-0.003599))
‘[C414"0.004171)‘((G438/L406)“(-0.0007922))" Into M436

Put "=-5.324+6.696‘M436-(0.7267E-6)‘M436‘M436" Into G436

Put "=I1f{G436<0.73,""Note 1"",1f{G436>0.91 ,""Note 2"",0.012))" Into H436

Put "" Into 1436

{(Impulse)sl}

Put "=G416*C414" Into G437
Put "N/A" Into H437

Put "" Into 1437

{(Impulse)vac}

Put "=C413*C414*L406" Into G438
Put "N/A" Into H438

Put "" Into 1438

{Load Notes}

Put "Note 1:" Into A423

Put "Data is being extrapolated” Into C423
Put "below range of regression." Into C424
Put "Note 2:" Into A426

Put "Data is being extrapolated" Into C426
Put "above range of regression.” Into C427

Automatic Recalc

Invalidate Off



' Performance
Vacuum Thrust, klbf
Vacuum Isp, sec-l1bf/Ibm
SL Thrust, kibf
SL Isp, sec-1bf/lbm
ODE C-Star, ft/sec
L-Star, in
ODE Isp. sec-1bf/lbm
Energy Release Efficiency
Kinetic Efficiency
Divergence Efficlency
Boundary Layer Efficiency
Engine Efficiency

Liquid Engines LOX/H2
Independent Terms Value
Major Variables
vVacuum Thrust, klbf 512.845
Chamber Pressure, psia 3.277.0
Mixture Ratio, O/F 6.011
Maximum Area Ratio 77.0
Parameters
Area Ratlo of Nozzle Attachment 5.0
Nozzle Percent Length, % 80.0
Gimbal Angle, degrees 11.0
C* Efficiency 0.98450
Fuel Inlet Enthalpy. kcal/mole -1.270

26 January 1993

100 to 2,000
1,000 to 5,000
4 to 8

10 to 400

70 to 140

0 to 15

0.85 to 0.999
-2.154 to 1.856

452,98
418.772
369.89
7.753.62
30.40
468.92
0.98450
0.99993
0.99283
0.98904
0.96666

512.845

10.3

Throat Diameter, in
Throat Area, iIn"2 83.2
Chamber Length, in 12.3
Nozzle Exit Diameter, In 90.3
Engine Diameter, in 96.0
Nozzle Length, in 119.5
Engine Length, In 168.0
Weights,Ibm -~ . | Value |
Turbomachinery 1,725.0
Preburners 229.0
PB Hot Gas Manifold 558.0
Thrust Chamber 859.0
Nozzle 1,250.0
Gimbal Bearing 105.0
Valves and Controls 722.0
Controller and Mount 85.0
POGO System 94.0
Propellant Ducts 867.7
Pressurization System 89.0
Other Engine Systems 228.0
Total Dry Weight 6,811.7

Figureg3.

Printed Output - "Report" - English Units - LOX/H2
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Liquid Engines

“Independent Terms

26 January 1993

Major Variables
Vacuum Thrust, kibf
Chamber Pressure, psia
Mixture Ratio, O/F
Maximum Area Ratio

Parameters
Area Ratio of Nozzle Attachment
Nozzle Percent Length, %
Gimbal Angle, degrees
C* Efficiency
Fuel Inlet Enthalpy, kcal/mole

Performance "
Vacuum Thrust, klbf
Vacuum Isp, sec-lbf/lbm
SL Thrust, klbf

SL Isp. sec-Ibf/lbm

ODE C-Star, ft/sec

L-Star, in

ODE Isp. sec-1bf/lbm
Energy Release Efficiency
Kinetic Efficiency
Divergence Effictency
Boundary Layer Efficiency
Engine Efficiency

2,020,700
1,161.0
2.270
16.0

10.0
80.3

8.4
0.93930
-5.570

500 to 3,000
500 to 2,000
1.5 tob

10 to 400

70 to 140

0 to 15

0.85 to 0.999
-5.658 to -1.682

Value
34.6

2.020.700| Throat Diameter, in
303.10| Throat Area, in*2 939.4
1,799.811] Chamber Length, in 39.4
269.70| Nozzle Exit Diameter, in 138.3
5,949.15/ Engine Diameter, in 143.5
46.71| Nozzle Length, in 155.5
337.15] Engine Length, in 220.4
0.93930

0.99796| Weights, Ibm = . Value
0.99186{ Turbopump and Mount 4,488.5
0.99210 Thrust Chamber 8,507.0
0.92240| Engine Mount 467.0
Oxidizer System 652.0
Fuel System 642.4
Purge System 38.4
Controls (Hydraulic) 193.3
Controls (Electrical) 84.6
Gimbal System Supply 179.4
Gas Generator System 341.2
Exhaust System 1,261.6
Flight Instrumentation 145.1
Ignition System 49.0
Interface System 542.3
Pressurization System 1,030.0
Insulation — Permanent 71.5
Thermal Insulation Set 1,182.5
Total Dry Weight 19,875.8

Figure 65.

Printed Output - "Report" - English Units - LOX/RP
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3/27/93 Nuclear Engine Weight, Envelope and Performance Function
(NERVA Derived Prismatic Core)

Input Pc Total Wt Envel Dia Envel L
Parameter  Value KIbf °K__psia - - sec Ibm in in
1|[Fvac, Kibf 50.000 50.000 2.450 784 200 110 849.6 9,524.0 96.4 324.9
(25 to 100)
Tc, °K 2,450 IThrust/Weight Ratio
{Fixed) 5.25
Pc, psia 784
{500 to 2,000)
Epsilon, - 200
(100 to 700)

Figure 67. Sample Output of Nuclear Thermal Rocket Model



Propulsion System

Database Figures



uaalag Buiuado aseqeleq walsAs uojsindoud g9 ainbi4

N

€0€16 VO %Ieg wdoue) q omURIDY u Z16GE vureqely ‘OMIASIUnH
Ay Woue) ££99 jumsmdopasq wrexford
[SUOITWINU] [[PANI0Y 223020 WAL 9owdg [TeysIs
wopsjAl(] SuApIaNOod VSVN
€661 dv g
€1 UOISI9A

oseqereq
s1daouo) wresdsqng uosmdord 338UINY




sadA ] uoisindoid jo nuap utey "69 2inbig

sjong POz|(BI1ON
aus PHGAH po
sjend plos —
— peuiquo) o|quiIOolS e
o08(3 J89[ONN $|oNd UOQUIBOOIPDAH  jue
— [euuey] 139NN ojueBoA1d =
apox3 JeojonN — |esjweyd
| | —

— swe)sAg uojsindoad

wajsAs uojsindoid pejoa|es 10} uod| Yo||0 esed|d

nuap waisAs uoisindolid £661 ‘22 YoJeN



Engine Name

Space Transportation Main Engine

F-1

F-1A

J-2

Simplified, High Performance J-2

Space Shuttle Main Engine

RD-170

Integrated Modular Engine

Space Shuttie Redesigned Solid Rocket Motor

Nuclear Thermal Rocket, NERVA Derivative

Summary of Propulsion Systems

Acronym

STME

J-28

SSME

RD-170 (Russian
Designation 11D521)
IME

RSAM

NTRND

Engine Class

Cryogenic Liquid

Hydrocarbon Liquid

Hydrocarbon Liquid

Cryogenic Liquid

Cryogenic Liquid

Cryogenic Liquid

Hydrocarbon Liquid

Cryogenic Liquid

Solid Fuel

Nuclear Thermal

Figure 70. Propulsion Systems Currently Available
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March 30, 1993

Engine Performance 1

Print

Raports
Engine Name: Space Transportation Main Engine
Class of Engine: Cryogenic Liquid Chemical
== Propellants m—— ————
Oxidizer [Liquid Oxygen_
Fuel [Liguid Hydrogen
Mixture Ratio — Englne/Thrust Chamber
Nominal Chamber Pressure
Expansion Ratio Deslign
Engine Design Life (Filghts) [C——1 | pemonstrated
= Engine Thrust Data
Engine S n
Nominal [ss2sed [___650,009 ngine Starts
Design
Maximum - 1 J Demonstrated ——1
Minimum | 357.98§ | 455.00@
Thrust data in units of Ibf Engine Rellabllity, sec |
Design
= Throttle Ratio, Percent Demonstrated [___._____:I
Yacuum i
Maximum r J | l s NOoZzle Data
Minimum L 64.70 [ _ 70.00 Type [ 5
== Specific Impulse Data
Length (In
Sea Level Yacuum gth (In)
@Nominal Thrust [ 3519 | 429.23 Diameter (in)
@Maximum Thrust [ 1 [ 1] Throat Area (sq. In)
@Minimum Thrust | 33798 [ _ 429.54 Exit Area (sq. In)

Specific Impulse data in units of seconds

Expansion Ratlo

Figure 72. Typical Report Page Layout
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Figure 73.

Output for Space Transportation Main
Engine (STME) Propulsion System

TA3-0424
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March 31, 1993 Background Information

Engine Name:

Space Transportation Main Engine

Class of Engine:  Cryogenic Liquid Chemical

= Background

motors.

The STME was designed to support propulsion requirements of the National Launch System (NLS). The NLS concept provides
a lift capacity for a family of launch vehicles with a wide range of payload sizes (approximately 20,000 1bs and above) and
missions. NLS family members may consist entirely of liquid propulsion units or combinations of liquid units and solid rocket

The STME is capable of operating in either a NLS booster or core propulsion application. In either mode, the STME starts
prior to vehicle liftoff. In the booster mode, the operation of some STME's will be terminated and detached from the vehicle
with other elements while other STME's continue to operate.

In the core mode, the STME will continue to operate after booster (solid or liquid) separation until orbital (or near orbital)
conditions are reached.

The STME is a pump fed liquid oxygen and liquid hydrogen engine that has been designed for high reliability and low cost. It
employs a gas generator power cycle to drive separate LO2 and LH2 turbopump assemblies. Gas generator propellants are
tapped-off the engine propellant system and burned to provide fuel rich gas to drive the turbines. Turbine exhaust gas is used
to cool the engine nozzle extension. The engine is capable of operating at two discrete thrust levels, 100% and 70%. Engine
start is accomplished by use of vehicle propellant tank head pressures. No helium spin start or solid start cartridge is required.
The engine provides oxygen and hydrogen gases for propellant tank pressurization.

Date:
Entered by:

p— Comments— RS —— E—
= References
Source: STME Technical Information Document , 8 Jan 1993; ICD, Working Draft, Attachment J-3, 18 Sept 1992;

Draft Contract End Item Specification, Phase C/D, Revision 10, Attachment J-2, 26 May 1992

Entered as of 31 March 1993
Dan Levack




March 31, 1993 Propulsion System General Data

Creation Date Modification Date Record Number
[3/18/93 _ | [8/31/93 Il L il
Englne Name [Space Transportation Main Engine —
Class of Engine Cryogenic Liquid |Chemical ]
Propulsion Type [Thermodynamic Expansion of Hot Gas ]
Acronym [ETME_ |
Application [Booster Engine —]
Manufacturer [Consortium (Aerojet, Pratt & Whitney, Rocketdyne) -]
Program Status [Detailed Study ]
Manrated L ]
I0C/Date Studied (Month/Year) [12/1992 J
Mixture Ratlo — Engine/ Thrust Chamber [ __ 6000 | 6.993
Propellants y
Oxidizer [Liquid Oxygen —]
Fuel [Ciquid Hydrogen ]
Engine Design Life (Flights) i 1]
Restart Capabllity [No_ ]
Engine Cycle |Gas Generator ]
Nominal Chamber Pressure
Expansion Ratlo
TVC Method |Gimbal ]
= DImensions
Maximum Length (Inches)
Maximum Width (inches)
Engine Mass (Ibm)

# ]

= Engine Thrust Data, Ibf

Sea Level Yacyum
Nominal
Maximum —1 ——1

Minimum




March 31, 1993 Engine Performance 1

Engine Name: Space Transportation Main Engine

Class of Engine: Cryogenic Liquid

Chemical

= Propellants sesesm— —— —
Oxidizer [Liquid Oxygen i
Fuel [Ciuid Hydrogen ]
Mixture Ratlo — Engine/Thrust Chamber 6.993

Nominal Chamber Pressure Ej

Expanslon Ratlo Design
Engine Design Llife (Flights) I:l Demonstrated
== Engine Thrust D ata meess—e———————
Yacuum
Nominal r 555550 | 5507000 Engine Starts
Deslign
Maximum L 1 L 1 Demonstrated

Minimum [ 357,980 [ 455,000

Thrust data In units of ibf

= Throttle Ratio, Percent

Engine Restarts

Engine Reliabliity, sec y
Design

Demonstrated E:j

Specific Impulse data in units of seconds

#L

Yacuum i

Maximum L ] L 1 = Nozzle Data

Minimum L 64.7 | 70.00 Type [ Bail
= Specific Impulse Data y

Length (In)
@Nominal Thrust C 364.64 [ 428.50] Diameter (in)
@Maximum Thrust [ 1 C ] Throat Area (sq. In)
@Minimum Thrust C 336.74 [ 428.00) Exit Area (sq. In)

Expansion Ratlo

\




March 31, 1993

Engine Performance 2

Engine Name: Space Transportation Main Engine

Class of Englne:  Cryogenic Liquid Chemical
== Engine Mass (Ibm) TvC
Method Gimbal J
Total Mass w/TVC _
Total Mass wo/TVC C—] Mass (Ibm) ——1
Max Gimbal Angle (deg) ——i13
Max Gimbal Rate (deg/s)

— Englne Wcla/

|Gas Generator

Type

il

- Pressures

Fuel Turbopump

Oxidizer Turbopump

— 4

Min Pump Inlet

Turbine Inlet

Min Pump Inlet

Turbine Inlet

—=

Pressures In psia

== Envelope
— Length — Diameter
Nominal Nozzle Exit
Stowed —— 1 Maximum
Extended C———1 Maximum Glmbal [ ]
Maximum Gimbal [ ]

Envelope Dimensions In inches

== Engine Component Masses
Companent  Allocations Controls
Coniroler »
h{ Sensors »
Oxygen Turbopump 1870 Vaives/Ackssiors 214
Fusl Turbopump 178 17
Proumatic System 10
Combustion Devices
Main Injector 1228 Propeliant Feed
Combustion Chamber 1601 Oucts 23
Nozze 1720 (System } ) 353
Gas Genersior 92 Support Devices
Igniter - CC 7 Gimbal System 138
-GG 7 Heat Exchanger 19
Engine Total 100
e——




March 18, 1993

Start-Up/Shutdown Sequences

Class of Engine:

Cryogenic Liquid

Engine Name: Space Transportation Main Engine

Chemical

= StartUp Sequence

Parameter 1 - Valve Position

GGEV

/

\

/ GGOV
4

MOV

50

== Shutdown Sequence

Parameter 1 - Valve Position

>~

~

Position (%)

A\,

N\

\\ GGFV
TN

GGOv

0z 04




March 18, 1993

Start-Up/Shutdown Profiles

Engine Name:

Class of Engine:

Space Transportation Main Engine

Cryogenic Liquid

Chemical

mm Thrust Profile

5600000 Parameter 74 - Engine Thrust / 600000 Parameter 62 - Engine Thrust
490000.0- A 4500000 \ :
420000.0 / 4200000 \
g / oo
é 280000.0- / é 2800000
210000.0 2100000 \
1400000 / 1400000 \
70000.0- / 700000 N
00 y T T ) o. 0.6 08 1 2
00 10 20 ™ 40 50 f e 0 !
= Flowrate Profile
280 MI'-MMMM o Parnaeter 16 - Fuel Flow Rate
PT—
e /r--"’r . -
- / IS
1008 v im
l n_ // Im I .
- i - ~
"u ¥ ] an e » (%) {7 ] as “ “ i 12
o) Tl fpoc)
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March 18, 1993 Start-Up/Shutdown Profiles

Engine Name: Space Transportation Main Engine

Class of Englne: Cryogenic Liquid Chemical

p=Iisp Profile

m Mixture Ratio Profile

Parameter 3 - Combustion Chamber Mixture Ratio 7 Parameter 3 - Combustion Chamber Mixture Ratio
i il

o] / | N

f 5.
. \

Mixture Ratio (LOX/Fuel)

) /

20

20

Mixture Ratio (LOX/Fuel)

00 10 20 30 w0 50 00 02 04 06 08 10
Time (sec) Time (sec)




March 18, 1993 Interfaces

Engine Name: Space Transportation Main Engine
Class of Engine: Cryogenic Liquid Chemical
== |nterfaces —
" 3,78 zl!.l{l
- “ Iﬂ]

o, Jaom
- Standard Muinatage
Conditten

47,160 203,180

3 3 L 3
. T T T
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March 18, 1993 Technology Development

Engine Name: Space Transportation Main Engine

Class of Englne: Cryogenic Liquid

Chemical

p===Technology Development




March 31, 1993 Advanced Development Plan

Engine Name: Space Transportation Main Engine

Class of Engine: Cryogenic Liquid Chemical

= Advanced Development Plan
ENGINE DEVELOPMENT PROGRAM SCHEDULE - 20K VEHICLE J—
1ea] 1993 | 1994 | 1996 1008 voar ] vee | i | 2000 ] 2001 ] 2002 | 2009
PROGRAM Hl“[ N!m]FY!“ FY 1908 FY 1987 FY 1998 FY 1900 FY 2000 FY 2001 FY 2002 FY 2003
(RANEATIKIARY AL INEIAL] LA LEARYiEREBARTYAL] L3ABLAEACEAREAR) $37 12133411 YSrSLARRCACELIAN
10 11 12
=" 20K VEHICLE 1 it
PROGRAM Sngies APP l *\.mun | Q. “!“”t_l 2
. gt g
. 11l
'ﬂc-qlun_' ::.v-d—m mm
ENGINE _ l 1
PROGRAM MILESTONES r l e ‘,“_._"____._J
MR fing @ 0% Por 100 ses
»e WL
] Ouvelapment Tosting
‘ 11 @1
Cartifiostion Campists
ENGINE 1
DEVELOPMENT a--ir'um'ui T Tesy SO
Hardware - 6 New P it
1 Returb T g
u Dov g FavAsey
Tests
BIA 100
e T
ing Test - 318 T8
ENGINE CERTIFICATION & il
Development Flight Pl
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Figure 74.

Output for F-1 Propulsion System

TA3-0310
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March 13, 1993 Background Information

Engine Name: F-1

Class of Englne:  Hydrocarbon Liquid Chemical

m Background

with 100 percent success. A total of 98 production engines were delivered.

at 20 starts for a total of 2,250 seconds.

The engine features a two-piece thrust chamber that is tubular-walled and regeneratively cooled to the

lubricant.

pump discharge pressure.

control lines sequence the gas generator valve, oxidizer valves, and fuel valves closed, in that order.

Engine production was terminated in 1969.

The F-1 rocket engine development was initiated at Rocketdyne in January 1959 under the direction of NASA, MSFC. The F-1
was developed to provide the power for the booster flight phase of the Saturn V vehicle. A cluster of five engines provided
7,610,000 Ibs. of thrust in the first stage. Sixty-five engines were flown on 13 Saturn V missions between 1967 and 1973

The F-1 is a single-start, fixed-thrust, liquid-bipropellant engine, calibrated to operate at a sea level thrust of 1,522,000 pounds
and 2.27:1 mixture ratio, providing a specific impulse of 265.4 seconds. The engine is a relatively simple design using liquid
oxygen and RP-1 (rocket grade of kerosene) for propellants. The engine design is suitable in a single or multi-engine
installation. Although engine application was for only one flight, qualification requirements were established and demonstrated

10:1 expansion ratio

plane, and double-walled and cooled with turbine exhaust gas to the 16:1 expansion ratio plane; a thrust chamber mounted
turbopump that has two centrifugal pumps spline-connected on a single shaft driven by a two-stage, direct drive turbine;
one-piece rigid propellant ducts that are used in pairs to direct the fuel and oxidizer to the thrust chamber; and a hypergolic fluid
cartridge that is used for thrust chamber ignition. Power for the turbopump is supplied by a bipropellant gas generator system
which burns high pressure fuel and oxidizer from the turbopump to drive the turbine. Turbine exhaust gas, prior to cooling the
thrust chamber nozzle extension, is directed to a heat exchanger which conditions vehicle tank pressurants (oxygen for oxidizer
tank and helium for the fuel tank). Thrust vector changes are achieved by gimbaling the entire engine. The gimbal block is
Jocated on the thrust chamber dome, and actuator attach points are provided by two outriggers on the thrust chamber body. The
RP-1 fuel is used as the working fluid for the gimbal actuators, for the engine control system, and for the turbopump bearing

The engine is started using a tank-head start with pressure-ladder sequence. Initially control pressure is supplied from the
ground. Start is initiated by electrically firing the gas generator and nozzle extension pyrotechnic igniters and energizing the
engine control valve start solenoid to open the main oxidizer valves and the gas generator valve. Propellants directed to the gas
generator from the pump discharges (initially at tank head pressures) are combusted in the gas generator causing pump discharge
pressures to increase. All subsequent start sequencing is accomplished by pressure actuated valves responding to build-up of fuel

Engine cutoff is initiated electrically by energizing the engine control valve stop solenoid. This removes opening pressure and
applies closing pressure to the propellant valves. When closing pressure is applied to the propellant valves, orifices in the

= References
Source: F-1/F-1A Engine Data Package (BC91-74), Unpublished Rocketdyne Data; Technical Manual F-1 Rocket
Engine, R-3896-1, 31 March 1967 (Change 12 — 12 May 1972); The Saturn V F-1 Engine Revisited, AIAA
92-1547, 24 March 1992,
Date: 1991
Entered by: Dan Levack




March 30, 1993

Propulsion System General Data

I

Modification Date

Creation Date

Record Number

[8/31/92 _ | [3/30/93

i | 2

' Engine Name

Class of Engine

[

[Aydrocarbon Liquid | [Chemical

|
J
Propulsion Type [Thermodynamic Expansion of Hot Gas ]
Acronym [T _
Application |saturn VﬁBﬁterﬁE'nglne |
Manufacturer [Rockwell International Corporation B
Program Status [11_Successtul Apollo / Saturn Flights |
Manrated [Yes |
10C/Date Studied (Month/Year) [Sept 1966 J
Mixture Ratio — Engine/ Thrust Chamber [__ 2270 | 2.410
Propellants .
Oxidizer [Liguid Oxygen (MIL-P-255086) |
Fuel [RP-1 (MIL-P-25576B) ]
p— ,
Engine Design Life (Flights) 1
Restart Capability (No ]
Engine Cycle {Gas Generator |
Nominal Chamber Pressure
Expanslon Ratio
TVC Method (Gimbal i
= Dimensions
Maximum Length (inches)
Maximum Width (inches)
Engine Mass (lbm)
e —
= Engine Thrust Data, Ibf
Sea Level Yacuum
Nominal
Maximum — 1 — 1
Minlmum —— 1 I




March 13, 1993 Engine Performance 1
-

Engine Name: F1

Class of Engine: Hydrocarbon Liquid Chemical

= Propellants

|Liquid Oxygen (MIL-P-255086)

Oxidizer ]
Fuel [RP-1 (MIL-P-25576B) —]
Mixture Ratio — Engine/Thrust Chamber
Nominal Chamber Pressure (psia) 982 Engine Restarts
Expansion Ratlo Design E::j
Engine Design Life (Flights) 1 | pemonstrateda [ 19
== Engine Thrust D ata sesesses—————————————
E S |
Nominal [ 1522008 | 1,748,200 ngine Starts
Design ::E
Maximum L 1 L i Demonstrated <
Minimum L 1 L ]
Thrust data in units of Ibf Engine Rellabllity, sec l
Design
- Throttle Ratio, Percent Demonstrated
Sea Level Yacuum i
Maximum L 1L il = Nozzle Data
Minlmum L L ] Type [ Bell, Tubular Wail
== Specific Impulse Data
Length (in)
@Nominal Thrust C 265.40 [ 304.84) Diameter (in)
@Maximum Thrust [ ] 1] Throat Area (sq. in)
@Minimum Thrust C 1 [ ] Exit Area (sq. In)
Specific Impulse data in units of seconds Expansion Ratio




March 7, 1993

Engine Performance 2

Engine Name: F-1
Class of Engine: Hydrocarbon Liquid Chemical
= Engine Mass (lbm) = TVC
Method Fiimbal J
Total Mass w/TVC
Total Mass wo/TVC ——1 Mass (Ibm) —— 1
Max Gimbal Angle (deg)

Max Gimbal Rate (deg/s)

== Engine Cycle

Type rGas Generator

B

- Pressures
Oxidizer Turbopump
Min Pump Iniet

Turbine Inlet

Fuel Turbopump
Min Pump Inlet

Turbine Inlet

Pressures in psia

= Envelope
— Length — Diameter
Nominal Nozzle Exit
Stowed ::l Maximum
Extended [________—_:I Maximum Gimbal
Maximum Gimbal [ ]

— ]

Envelope Dimensions in inches

== Engine Component Masses

TI93T
Thruet Chamber 8.508.8
Engine Mount 487.0
Oxidizer System 8%2.0
Fuel System 642.4
Purge System 38.3
Controla (Hydraulic) 1933
Controle (Electricat) 848
Gimbal System Supply 179.5
Qes Generator 341.0

Svetem 3.7
gt nstrumentation 148.2
ignition System L
Intertace Yystem 6423
Pressurisation System 1,080.0
Ineulation - Permanent 714
Thermal Insulation Set 1.183.4
Total Weight 18.812.3




February 20, 1993  Start-Up/Shutdown Sequences

Engine Name: F-1

Class of Engine: Hydrocarbon Liquid Chemical

= StartUp Sequence

\17 Start Sequence
Engine control vaive stert signal

. Oxidizer valves open
I Gas generstor valves open

§ Gas generstor ignition
[ 'aniter tuel vaive cpens

|mmwsmon
Fuel vaives open I

Ground hydraullc supply closed W
Wiainstage)
| | | | ]

(] 1 2 3 4 [}
Time From Start Signal (sec)

- Shutdown Sequence

Cutoff Sequence
Cutoff signal

J Engine control valve closes

lﬂn generator valves ciose

[l Mein oxidizer vaives ciose

I %40 fusi vaives closs

| l
0 1 2 3
Time From Cutoff Signal (sec)




February 20, 1993

Start-Up/Shutdown Profiles

Engine Name: F-1
Class of Engine: Hydrocarbon Liquid Chemical
=== Thrust Profile
Start Shutdown
110 110
E 1:; i < 100 Cutoff Impulse
T £ % 620,000 =+ 24,000 Ib-sec
° 80 - 13 80 |-
c - o
- 70 c 70}
S 6o S e -
S 50 Nominal =
S 40 e S50 /— Nominal
g 30 § 40 -
% 20 S 30
2 10 @ 20
= 2 10
= o £
i ! | ] = o

020 3.0 4.0 5.0 6.0
Time From Engine Control Valve

Actuation Signal (sec)

lllllILJ\

o 01 02 03 04 05 06 07
Time From Shutdown Signal* (sec)

- Flowrate Profile




February 20, 1993 Start-Up/ Shutdown Profiles

Engine Name: F-1

Class of Engine: Hydrocarbon Liquid Chemical

g ISP Profile

~ 210 1,800 Nominal Performance vs Altitude
$ 0]
)
% 2004 € 1,700}
£ 200 g Specific Impuise
L § 1,800 F Thrust
260 4
w
250
w20l 1800 ) L s R
] 40 [ 120 160 200
Altitude (k1)
Pertormance Specifications
Parsmeter Opecating Limite* Nominal Performance” Altitude
Thrust (ib) 1,300,000 to 1,548,000 1,522,000 1,748,200
Enolmmmunnﬂo(om 22260 2.8 227 227
Specific impuise (sec) 283.7 minimum 208.4 04.1
*Sea lovel

Mixture Ratio Profile




February 20, 1993

Interfaces

Engine Name: F-1
Class of Engine: Hydrocarbon Liquid Chemical
== Interfaces
Interface Requirements Propellant Supply Requirements
Propefiant Proumstie E Oxddiner Pump Requirements Fus! Pumg Requirements
Liquid sxygen Pright hiad £ N
Total min pr (pola) L Hollumr= i prog st S R
in NPSN (19 ) Plow rete fhiese) Y X) a0 li 100
tniet dlam (n) [ Tomp () 400 W 130 0 wl
Lol Prossure (peis) 00 418 ! pea [
Total min pr (poie} s Mwegen (TP LOX seal purge) e L. 2d |
Min NPON 08 ™ Fow ruiv Siioes) non »l
ket dlasm G () [ \—mm X4 ii e | zl o A
m L A L A i 20 L i A L
m,,..'. » wegen -u e 60 100 138 140 180 10 L] L '\: lﬂN‘ 100 120
— 180 (start) T ey aoos Propesont reasars peia totad - WM"': peia toted
1900 . .
gy 2 e o Ottt sty L AT e
Power (watie} 1,808 LOX dome/O0 LOX purges
High veltags igniters (8° Pow rete fo/ess} 036 4 3.0 Engine Reg
Vettage (Voo 00790 iy brdor it iim
Power (wattn) 19,008 totat ,:‘"’lmﬂ - :”"' ! -:- Dmn
» 300 -
Puid Lol Prossurs peig) 190 o0 208 ! ol . Opersting
Tome C7) ®win B e
P e H “
Crourt raqiramonts by . cngine -. ; |; 1‘” 1‘. 10 10
o - mm
-Mn':'dmlg: " pressures

Mass Properties




February 20, 1993 Technology Development

Engine Name: F-1

Class of Engine: Hydrocarbon Liquid

Chemical

p==Technology Development




March 24, 1993

Advanced Development Plan

Engine Name:

Class of Engine:

F-1

Hydrocarbon Liquid

Chemical

== Advanced Development Plan

QUAL I
100 ‘—
J/
90 / COMPLETE CONTRACT =]
TEST SUMMARY AS OF COMPLETION
ENGINE TESTS 1,804
80— ENGINE TIME 124,81
RULL DURATION ON /
29 NEW ENGINES 27 REBUILT ENGINES /
70
/ COMPLETE COMPONENT REQUAL ~
60 COMPLETE ENGINE QUAL I SERIES —
- d COMPLETE COMPONENT QUAL —y
g COMPLETE QUAL RELI ABILITY tzmo'_1
50 // |enaine 1ap DEMO COMPLETE-]
B PHASE Il DYNAMC STABILITY DEMO COMPLETE —
g PHASE | DYNAMIC STABILI TY 0EM O COMPLETE —
o 40 Y/ START QUAL RELIABILITY DEMO —
BLOCK- 1 ENGINE DESIGN RELEASE — / STAAT QUAL STABILITY DEMO AND |ggrm
FIRST RATED THRUST AND DURATION TEST om COMPLETE ENGINE QUAL | SERIES
30 R A FIRST MSFC CLUSTER TEST—, |
T TED ANDT y
DURATION T/P TEST < ﬁﬁ% -
FIRST ENGINE whm el
20 MAINSTAGE TEST DEMONSTRATE FR¥—
DYNAM CSTABIUTY ARST
| cNEN s:::cr GO-AHEAD ACTIVATE TEST RLIGHT
10 A STANDS 1C & 10" ] i
DELIVER
— L e L L L
o—°/ o b b Fio1 | UL LY L L.s
PR TE T FFF P EEFT P PR FrF FE PR Fy TR EE EFEEREp ERRTE FFEEEEPE FE FRETPEE bR bLp I bte b hEF L
1959 1960 1961 1962 1963 1964 1965 1966 1967
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Figure 75.

Output for F-1A Propulsion System

TA3-0311
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March 13, 1993 Background Information

Engine Name: F-1A
Class of Engine: Hydrocarbon Liquid Chemical
s Background

The F-1A engine is an uprated version of the F-1 engine originally used as the first-stage booster propulsion system for the
Saturn V launch vehicle. The engine produces a sea level thrust of 1,800,000 pounds vs. 1,522,00 for the F-1. Functionally,

the engine is identical to the F-1. Refer to the F-1 background information sheet for a general description of the engine
configuration and operation.

During the late 1960's the F-1 engine development program was actively pursuing upgrades and improvements on the
flight-certified production engine. The most significant improvement was to the Mark 10 turbopump. Pump design
modifications included reducing the turbine diameter from 35 to 30 inches, material changes to improve producibility and
structural improvements to permit operation at higher power levels. These changes gathered over 15,000 seconds of test
maturity in both component and engine tests. A 1,800,000 pound sea level thrust capability was demonstrated on two F-1A
configuration development engines using the improved turbopump (Mark 10A).

Step throttling of the engine from 1,800K to 1,350K and a condition monitoring system (CMS) are options which can be
provided with the engine. CMS would enable holddown/shutdown capability on the launch pad and, dependent on vehicle
configuration and mission requirements, engine out capability.

A NASA-MSFC funded study in 1992 concluded F-1A production could readily be restarted (at substantially less cost than a
new center line engine) using "state-of-the-practice” manufacturing processes. Five spare F-1 flight engines in bonded storage at
the Michaud Assembly Facility could be converted to the F 1A configuration to be used as "pathfinders” for assembly and test
stand activation. Engine test facilities capable of testing the F-1A engine exist at USAF Phillips Lab in California; NASA's
Marshall Space Flight Center in Huntsville, Alabama; and at Stennis Space Center in Mississippi.

e COmments RS S se—
== References
Source: F-1/F-1A Engine Data Package (BC91-74), Unpublished Rocketdyne Data
Date: 1991
Entered by: Dan Levack




March 30, 1993

Propulsion System General Data

Modification Date

Record Number

I Creation Date

[8/31/92 "] [3/30/93 ] C 3|
Engine Name [F1A ]
Class of Englne Hydrocarbon Liquid lﬁhemical J
Propulsion Type ﬁh?rmodynamic Expansion of Hot Gas ]
Acronym [Fia i
Application [Booster_Engine _
Manufacturer [Rockwell International Corporation ]
Program Status [16 Tests _
Manrated [Yes _1
|0C/Date Studied (Month/Year) [March 1969 (Testing Completed) |
Mixture Ratio — Engine/ Thrust Chamber L 2.270 Il ]
Propeliants .
Oxidizer [Ciquid Oxygen (MIL-P-255086)
Fuel [RP-1 (MIL-P-255768B)
Engine Design Life (Flights) 1
Restart Capabillity No ]
Engine Cycle [Gas Generator ]
Nominal Chamber Pressure
Expansion Ratio
TVC Method [Gimbal 1
== Dimensions
Maximum Length (Inches)
Maximum Width (inches)
Engine Mass (Ibm)
== Engine Thrust Data, Ibf
Sea Level Yacuum
Nominal
Maximum —1 1
Minlmum




March 13, 1993

Engine Performance 1

Engine Name: F-1A
Class of Englne: Hydrocarbon Liquid Chemical
== Propellants a

Oxidizer [Liquid Oxygen (MIL-P-255086) ]

Fuel [RP-1 (MIL-P-255768B) ]

Mixture Ratio — Engine/Thrust Chamber ——1
Nominal Chamber Pressure (psia) Engine Restarts
Expansion Ratlo Design —4

Engine Design Life (Flights)
s Engine Thrust Data%
Sea Lovel Yacuum

2,020,700|

1,800,001 |
1 L ]
1,350,001 |

Nominal L
—

—
Thrust data In units of Ibf

Maximum

Minimum 1,570,700

- Throttle Ratio, Percent

Vacuum
100.00

77.73

100.000 | __
75.000 |__

—
—

Maximum
Minimum

== Specific Impulse Data

Sea Level @ Yacuum

@Nominal Thrust L 269.70 [

302.77]

@Maximum Thrust [ 1L

i

@Minimum Thrust L 1L

]

Specific Impulse data in units of seconds

— 1

Demonstrated

Englne Starts ]
Design E
Demonstrated :::E |
Engine Rellablility, sec N
Design
Demonstrated

mu Nozzle Data
Type |

Bell, Tubular Wall

Length (In)
Diameter (in)
Throat Area (sq. In)

Exit Area (sq. In)

Expansion Ratio




March 7, 1993 Engine Performance 2

Engine Name: F-1A
Class of Engine:  Hydrocarbon Liquid Chemical
= Engine Mass (Ibm) —— o TVC
Method @mbal J
Total Mass w/TVC

Total Mass wo/TVC 1 Mass (Ibm) C—1
Max Gimbal Angle (deg)

Max Gimbal Rate (deg/s) E_—__—_:

—= Engine Cycle

Type Gas Generator J
- Pressures
Oxidizer Turbopump Fuel Turbopump

Min Pumpintet [ ] MinPumplnlet [ ]
Turbine Inlet 1 Turbine Infet C—— ]

Pressures In psia

== Envelope
— Length — Diameter
Nominal Nozzle Exit

Stowed — ] Maximum

Extended — 1 Maximum Gimbal
Maximum Gimbal [ ]

Envelope Dimensions in Inches

== Engine Component Masses

|
]

Engne Mount 447.0
Oxidiser System 652.0
Fuel 843.4
Purge System 383
Controls (Hydraulic) 193.2
Controls (Elsctrical) 848
Gimbal System Supply 179.5
Gas Qenerator Svetem 341.0
Exhaust Svatem 1.281.8
Flight Instrumentation 145.2
ignition dystem vl

542.3

Iintertace System
Pressurisstion Systam
insuiation - Permanent
Thermal insulation Set 1.182.4

Total Weight 19.878.4

2§
e




February 20, 1983  Start-Up/Shutdown Sequences

Engine Name: F-1A

Class of Engine: Hydrocarbon Liquid

Chemical

- StartUp Sequence

Start Sequence
Engine control vaive siart signal

-Oﬂduavdvuopm
lo.ogmorvﬂvnqnn

{ Gas generstor ignition

Fudvdvuopcn-

] ] l ]

I saviter fuel vaive opens

[ Theust chamber ignition

Ground hydraullc supply ciossd W

WV

0 1 2 3 4
Time From Start Signal (sec)

- Shutdown Sequence

Cutoff Sequence
Cutoft signal

] Engine control vaive closes

§ Ges generator vaives closs

I Msin axidizer vaives close

I 0 fuel vaives cicee

[] 1 2
Time From Cutoft Signal (sec)




February 20, 1993

Start-Up/Shutdown Profiles

Engine Name: F-1A

Class of Engine: Hydrocarbon Liquid

Chemical

g=m= Thrust Profile

Start

110

—h

888833888
1

Nominal

10

Thrust (percent of nominal)

o

! ! |
020 3.0 4.0 5.0
Time From Engine Control Valve
Actuation Signal (sec)

6.0

Thrust (percent of nominal)

> =
85

0388888388

Shutdown

Cutoff Impulse
620,000 + 24,000 Ib-sec

/— Nominal

1

)\ I ] ] ] ]

0 o1 02 03 04 05 06 07
Time From Shutdown Signal* (sec)

5.5

p=m= Flowrate Profile




February 20, 1993 Start-Up/Shutdown Profiles

Engine Name: F-1A

Class of Engine: Hydrocarbon Liquid Chemical

p= |Sp Profile

mam Mixture Ratio Proflle




March 27, 1993 Interfaces

Engine Name: F-1A

Class of Engine: Hydrocarbon Liquid Chemical

p=m Interfaces

Onidizer Pump Requirements T ant Pusmp Requirements
E.;n E

- !
fiol

k.usssfil

ll S PO
T T v 1w e e W N N
Onddbaer Pusl Pump iet
Propeliant Sressure (peis toled) Propeliant Preseure (pele tein
« Oxidizer pump iniet prastart & . Puel Intet a
] presten

Bl overstng




February 20, 1993 Technology Development

Engine Name: F-1A

Class of Engine: Hydrocarbon Liquid

Chemical

p===Technology Development




February 20, 1993 Advanced Development Plan

Engine Name: F-1A

Class of Engine: Hydrocarbon Liquid

Chemical

p== Advanced Development Plan




Figure 76.

Output for J-2 Propulsion System

TA3-0312
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Advanced Propulsion Subsystem Concepts Database
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March 7, 1993 Background Information

Engine Name: J-2

Class of Engine:  Cryogenic Liquid Chemical

== Background

The J-2 engine was developed to provide the power for the SIVB stage of the Saturn 1B vehicle and for the SII and SIVB stages
of the Saturn V vehicle.

The J-2 rocket engine is a high-performance, multiple-restart engine that uses liquid oxygen for oxidizer and liquid hydrogen for
fuel. Each propellant is pumped into the thrust chamber by separate gas-turbine-driven, direct-drive turbopumps. The two
turbopumps are powered in series by a single gas generator that uses the same propellants as the thrust chamber. The thrust
chamber is tubular-walled and is regeneratively cooled by circulating fuel through the tubes before the fuel is injected into the
combustion area. The engine has a refillable start tank from which pressurized gaseous hydrogen is routed to the turbopump
turbines for starting the engine. This feature, combined with the augmented spark ignition system, makes the J 2 a multi-start
engine.

The J-2 engine envelope is 80.75 inches in diameter and 133 inches long and the engine weighs approximately 3,492 pounds
dry. Thrust vector control is achieved by gimbaling the entire engine. The gimbal is installed at the center of the thrust chamber
injector dome, and gimbal actuator attach points are located on the thrust chamber body. The rocket engine comprises the
propellant feed system, gas generating system, start system, ignition n system, control system, purge system, and the flight
instrumentation system.

— COmments —

No Comments.

pm References
Source: Technical Data J-2 Rocket Engine, Change No. 12 (R-3825-1), Technical Data J-2 Rocket Engine
(R-3825-1A)
Date: 18 October 1972, 4 December 1973

Entered by: Dan Levack




March 30, 1993

Propulsion System General Data

Creation Date

Modification Date

Record Number

[8/31/92 ] [3/30/93

_1 L 4

Engine Name
Class of Engine
Propuision Type
Acronym
Application
Manufacturer
Program Status

|v-2

[Cryogenic Liquid | |Chemical

rfhirmodynammsion of Hot Gas

J-2

|Stages 1l and IVB of Saturn V Launch Vehicle

[Rockwell International Corporation

L_L_L_L_LL

[Used on SIVB stage of the Saturn IB and the Sil and SIVB |

Manrated [Yes ]
|OC/Date Studied (Month/Year) L ]
Mixture Ratio — Engine/ Thrust Chamber L 5.500( L |

Propellants Y

Oxidizer  [Liquid Oxygen 1

Fuel |Liquid Hydrogen ]
Engine Design Life (Flights)
Restart Capability [Yes ]
Engine Cycle [Gas Generator ]
Nominal Chamber Pressure
Expansion Ratio
TVC Method G _

== Dimensions
Maximum Length (Inches)

Maximum Width (inches)
Engine Mass (Ibm)

4,050.00

= Engine Thrust Data, Ibf

Nominal
Maximum

Minimum

3

I

182,000




March 13, 1993

Engine Performance 1

Engine Name: J-2

Class of Engine: Cryogenic Liquid

Chemical

= Propellants

— 1

Oxldizer [Liquid Oxygen_ ]
Fuel Liquid Hydrogen _ _1
Mixture Ratio — Engine/Thrust Chamber 1
Nominal Chamber Pressure (psia) Engine Restarts
Expansion Ratlo Design
Engine Design Life (Flights) 33 | pemonstrated

== Engine Thrust Dataa
Sea Level Yacuum
Nominal [ 1ei548 [ 230,009
Maximum L 161,548 | 230,000
Minimum L 113,548 | _ 182,000
Thrust data In units of Ibf
= Throttle Ratio, Percent
Yacuum
Maximum L 100.000 | _ 100.00
Minimum L 79.000 | _ 79.00
s Specific Impulse Data
Sea Level Yacuum
@Nominal Thrust L 298.44 [ 424,90
@Maximum Thrust | _ 298.44 | 424.99
@Minimum Thrust L 268.27] | 430.00)
Specific Impulse data in units of seconds

—— 1]

Engine Starts Y
Design l—______j
Demonstrated :_____—_j
Engine Rellablility, sec x
Design
Demonstrated E_—::l
- Nozzle Data
Type | _ Bell, Tubular Wall
Length (in)

Diameter (in)
Throat Area (sq. in)
Exit Area (sq. In) .

Expansion Ratio

H
23
o
©
(=]
o
) A -, -




March 7, 1993

Engine Performance 2

{ Engine Name: J-2
\ Class of Engine: Cryogenic Liquid Chemical
== Engine Mass (lbm) — TVC
Method Fimbal J
Total Mass w/TVC
Total Mass wo/TVC 1 Mass (Ibm) 1

== Engine Cycle

Max Gimbal Angle (deg) E:::]
Max Gimbal Rate (deg/s) E::]

Turbine Inlet

Type Gas Generator ]
- Pressures
Oxidizer Turbopump Fuel Turbopump
Min Pumpinlet [ 39 Min Pump Inlet Y

Turbine Inlet

T~
O

Pressures in psia

= Envelope

— Length

Nominal
Stowed
Extended

— 33
— ]
— 1

Maximum Gimbal [ ]

— Diameter

Nozzle Exit
Maximum

Maximum Gimbal

Envelope Dimensions In inches

== Engine Component Masses




March 7, 1993

Start-Up/Shutdown Sequences

Engine Name: J-2
Class of Engine: Cryogenic Liquid Chemical
= StartUp Sequence
—
T ©8 |
Heum Cormn | \iive Pa.‘:c‘.-w ) Note
oo onwwe  pomiebee | L0248 LH2 Biesd
Sput Cordel Vive S a70 Roms Bd . | mx‘u
SWVTimm Meor St
an @
e bu « 30110 « 0] vaveTawiTwe [
\gn Cut o @xo.s
mv 100 s NG 2 20 n-:.auu.w
igriion P » Thmer 0 420
Spat Doarmg e Tver T TP T S|
4 ehSuge O i \ive Onb EngheCO
MO/ 1ot Smge 0 <2080 ¢ 30[] ¥° oas”
G0 Cudner \iive 10 ¢10m o303
ot ©0 /B, -0
MO/ I S 00 270 | YASSLS . 7] 1828 « 75(SNS AmuiErgines
R YT D TIW o 28
:::--ur—- & 3@
% e 200
10 20 30 40 [ 1) 0 70
Seconds
- Shutdown Sequence
—
Opersiion W
et cowe < o
LO2 & LH2 Bised
g ol Vaves Closed
Indications Must
Drop Out Within
an Open Indiontion Must Drop Out Wikhin 100 MLS ol of
Y 90 225/228 223
W Corwal Vaive Vaive Travei Tme [/
a0 husi Vere IEZ] Ciosed 500 ML Aer C10, ok Pio 0 10 M8 Aber LOZ Clossa
G0 Oubiizar Vebve ]7!02!.“ 420,28
=p=
omw [ Doen Wit 10.0 vwn A GO = —
[4
oV ﬂ 00 2 1¥120 218
o Thst *
L Illllllll‘llllllllllllllllllllllllllllllIlIIIIllIl J

1.0 20

30
Seconds

40 S0




March 7, 1993

Start-Up/Shutdown Profiles

Time from STDV (sec)

Time from Engine Cutoff (sec)

Engine Name: J-2
Class of Engine: Cryogenic Liquid Chemical
=== Thrust Profile
220 100
-] o) AN
- =N
Max | A/ 4 é 80 \\
73160 // " 70
£ 140 3 \
- | Nominal N 60
g 120 3 \Max
2 / g 50
= 100 Mi A \
2 g /| Min E 40 I\
=3 8
§ 60 s 30 .
w N a Min \
40 f( .g- 20 \\
20 10 -
T £
0 1 2 3 4 0.1 0.2 0.3 0.4

Flowrate Profile

L)

8

Percant of Stabilized F bw atNull PU

o B8 & 8 B

2
Time from STOV S ighdl (sec)

J-2Fuel Row J2 Oxidizer Flow
120
2
2
Max // I~ z 4
/] —Twin 2 /
Y ¥ e
/ d
7 1.
]
1R
s y
g o o8 16 2 25

Tinefrom STOV Signal sed




March 7, 1993

Start-Up/Shutdown Profiles

Engine Name: J-2
Class of Engine: Cryogenic Liquid Chemical
p=mm{sp Profile
435

440
)
Q Q0 ]
& —

. 400 /
§ 430 i
_g- \\\ 1 80
S N % 0
= T — o
~ ¢
T~ @ /

& 425 2 o
)] 2
£ 4 300
o
lfl 280

280

20000 40,000 60,000 80000 100,000 120,000 200,000
420 Attituce ()
4.5 5 55
Engine Mixture Ratio

Mixture Ratio Profile




March 7, 1993

Interfaces

Engine Name: J-2
Class of Engine: Cryogenic Liquid Chemical
m [nterfaces — -
[ Mainstage N°SH Requirements
o Oxiize - Fuel
s
27 pua (Fue ‘l’/
P 40, 10
so |—335aa (Ouidzes wea e " . -
E| - é

20. 10

4 Al s 5 4 4
€ rgive Motum Patc Ergirm Modum Ralo

Engine Oxidizer Inlet Pressure, psia

20 |
15 20 28 30 as © L) %0 58
Engine Fuel Inlet Pressure, psia
. - -

!




March 13, 1993 Technology Development

Engine Name: J-2

Class of Engine: Cryogenic Liquid Chemical

p==Technology Development

J-2 Test Experience
Tot , Producti
o Peaten : wired
a A 400 ] /
/ ] /
v e
g3 / r g 300 -
$2] L~ 3 i /'
§ 2 f A1 "o € 200 LT [®
/ / S 1 /
// P on ]
1 4 100 - Ve
Z : 4
oﬁ* T T T T T T T [} o:ﬁ T T T T T T T |
62 63 64 65 66 67 68 69 70 62 63 64 65 66 67 68 69 70

Year Year




March 24, 1993

Advanced Development Plan

Engine Name:

Class of Engine:

J-2

Cryogenic Liquid

Chemical

Percent Cost

== Advanced Development Plan

100

20

80

70

60

50

40

30

20

10

COMPLETE QUAL |  COMPLETE QUAL ¥
1 ARGT 500 SEC DURATION TEST L~
. DEMONSTRATE PU CAPABIUTY /
1
DEMONSTRATE GIMBAL _INITIATE SUSTAINED
™ CAPABILITY rtu?uuwmclemws
DEMONSTRATED ALTITUDE SIMULATION i L 1-SEC 1, INCREASE
HARD MOC K-UP DELIVERY 4 |
T
/ | COMPLETE 230K
/ QUAL INCENTIVE
- COMPLE TE PERT.
19 250.SEC DURATION TEST | DEMONSTRATE RESTART [~ 2ND 1:SEC 14, INCREASE
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Figure 77.
Output for Simplified, High

Performance J-2 (J-2S) Propulsion
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March 7, 1993 Background Information

Engine Name: Simplified, High Performance J-2
Class of Engine:  Cryogenic Liquid Chemical
== Background

The J-2S rocket engine development program was initiated at Rocketdyne in 1965 under the direction of the National
Aeronautics and Space Administration, Marshall Space Flight Center. The J-28 is a simplified, higher thrust and performance
version of the highly reliable J-2 engine. It uses liquid oxygen and liquid hydrogen for propellants.

The J-2S is designed for use in a single or multi-engine installation. The engine is nominally calibrated to operate at a vacuum
thrust of 265,000 pounds and 5.5:1 mixture ratio, providing a specific impulse of 436 seconds.

Engine mixture ratio can be controlled (inflight) from 4.5:1 to 6.0:1. Control is accomplished by by-passing liquid oxygen
from the discharge side of the oxidizer turbopump to the inlet side through an electroservo actuated variable position valve.(i.e.,
the propellant utilization valve).

The thrust chamber is a tubular wall, regeneratively cooled design having a bell shaped nozzle with an expansion area ratio of
40:1. A gimbal bearing, attached to the thrust chamber assembly, provides a thrust vector control capability of 7.5 degrees.

The starting power for the turbopumps is provided by a solid propellant turbine starter (SPTS). Up to three SPTS units may be
mounted on the engine to provide a multiple space re-start capability.

The engine has a pneumatic control system for valve actuation. The pneumatic supply (gaseous helium) is provided from an
engine mounted tank. An electrical control system, which employs solid state logic elements, sequences the engine start and
shutdown operations. The electrical power is stage supplied.

A heat exchanger mounted in the turbine exhaust duct can provide either heated helium or heated oxygen for oxidizer tank
pressurization. Heated hydrogen, tapped-off from the thrust chamber fuel injection manifold, is available for fuel tank
pressurization.

A 6:1 throttling capability has been demonstrated by regulating the tap-off turbine drive gases. Additional engine versatility can
be achieved by operating in a low thrust, tank pressure-fed mode. This mode of operation may be used for on-orbit propulsive
maneuvers, or pre-mainstage propellant settling.

The J-2S design life is 30 starts and 3,750 seconds duration. Engine testing has demonstrated operation of the engine fora
greater total duration and a greater number of engine starts.

wem Comments

No Comments.

= References
Source: J-2S Brochure (322-497T), The J-2 Rocket Engine (BC71-56), Unpublished Rocketdyne data
Date: ?,1971

Entered by: J. A. McClanahan, Dan Levack




March 30, 1993

Propulsion System General Data

Creation Date

Modificatlon Date

Record Number

[B/18/92 — | [3/30/93 ] C 5]

) Engine Name [Simplified, High Pertormance J-2 ]
Class of Englne lC! !ogenic nguld l ﬁhemical J
Propulsion Type [Fhermodynamic Expansion of Hot Gas |
Acronym y-2s 1
Application [ETO / Space Transfer ]
Manufacturer [Rockwell International Corporation |
Program Status [6 Fiight-Design Engines Built and Tested |
Manrated [Yes ]
|0C/Date Studied (Month/Year) [6-1-72 ]
Mixture Ratio — Engine/ Thrust Chamber [ __ 5500 [_ 5.830]

Propellants Y
Oxidizer [Liquid Oxygen 1
Fuel [Ciquid Hydrogen ]
Engine Design Life (Flights)
Restart Capabllity [2 il
Eng]ne 0yc|° ITap-Off Turbine Drive J
Nominal Chamber Pressure
Expansion Ratlo
TVC Method [Gimbal i
= DImensions
Maximum Length (inches)
Maximum Width (inches)
Engine Mass (Ibm)
== Engine Thrust Data, ibt
Sea Level - Yacuum
Nominal
Maximum — ——1
Minimum ——1 ——1




March 13, 1993

Engine Performance 1

Engine Name: Simplified, High Performance J-2

Class of Englne: Cryogenic Liquid

Chemical

e Propellants smms

]

Oxidizer {Liquid Oxygen
Fuel [Ciquid Hydrogen

Mixture Ratio — Engine/Thrust Chamber

Nominal Chamber Pressure (psia)
Expansion Ratio
Engine Design Life (Flights) [ﬂ
m= Engine Thrust Data SSe———
Sea Level Vacuum
Nominal L 196,903 | 265,000
Maximum L | L |
Minimum L 1 L 1
Thrust data In units of ibf
== Throttle Ratio, Percent
Sea Level Yacuum
Maximum L 1t ]
Minimum L 11 ]
= Specific Impulse Data
Sea Level Yacyum
@Nominal Thrust L 321.79 | 433.08
@Maximum Thrust | ] L |
@Minimum Thrust | 11 ]
Specific Impulse data In units of seconds

Engine Restarts
Design
Demonstrated

— 1
— 1

Engine Starts
Design

Demonstrated

|
—=

Engine Reliability, sec

Design 3759
Demonstrated
mam Nozzle Data
Type [ “Bell, Tubular Wall
Length (in)
Diameter (in)
Throat Area (sq. In)
Exit Area (sq. in)
Expansion Ratio




March 7, 1993 Engine Performance 2

Engine Name: Simplified, High Performance J-2

Class of Engine:  Cryogenic Liquid

Chemical

= Engine Mass (lbm) =e———

Total Mass w/TVC
Total Mass wo/TVC 1

pm TVC
Method [Gimbal ]

Mass (Ibm) — 1
Max Gimbal Angle (deg)

Max Gimbai Rate (deg/s)

== Engine Cycle

Type [Tap-Gff Turbine Drive

- Pressures

Fuel Turbopump

Oxidizer Turbopump

Min Pump Inlet
Turbine Inlet

Min Pump Inlet
Turbine Inlet

Pressures in psla

== Envelope

— Length
Nominal
Stowed
Extended
Maximum Gimbal

— 1

— Diameter
Nozzle Exit
Maximum
Maximum Gimbal

Envelope Dimensions In Inches

== Engine Component Masses




March 7, 1993

Start-Up/Shutdown Sequences

Class of Engine: Cryogenic Liquid

Engine Name: Simplified, High Performance J-2

Chemical

= StartUp Sequence

- Shutdown Sequence




March 7, 1993

Start-Up/Shutdown Profiles

Engine Name: Simplified, High Performance J-2

Class of Engine: Cryogenic Liquid

Chemical

= Thrust Profile

120 120
Start Impulse {
< 378,000 Ibf-sec From Mainstage
= 100 ' — 5100 mes;hgto%om _
T -sec
g : / / £ \ =520
< Specification
$ a0 Tiits A= § s0
o B
g 60 £ 60
4 Minimum o]
e Low Thrust &
5 0-Duration %‘ 40
2 / /‘fNom'na 2 \
F 20 fl /If / F 20
o 0
-1 0 1 2 3 4 -1 0 1 2 3
Mainstage Engne Cutoff .
Start Signal Time (sec) Signal Time (sec)
Flowrate Profile
A S




March 7, 1993

Start-Up/Shutdown Profiles

Engine Name:

Class of Engine:

Simplified, High Performance J-2

Cryogenic Liquid

Chemical

e [Sp Profile

Mixture Ratlo Proflle




March 7, 1993 Interfaces

Engine Name: Simplified, High Performance J-2
Class of Engine: Cryogenic Liquid Chemical
== |nterfaces EE—— —
Minimum NPS P Req uire ments at he Engine Inlet
R et 3383 pels it 32,53 pae
Fusiiniet 2748 peia Fsiini 2548psia
® »
» |
nd e =
gu —> Oxictiam gl’
‘ Ordians
£, 7 £, -
: e i
i 7 i°
7 7 Foel s s
) 20 28 a0 278
Tere from M sinemge St S ignal (sed Vauum Thust kibe
Throtling Perfamance
o Wi » T
- fato =0 Vahe Ony L
i" 8.0:1 - A
220
b1 = inlm 1]
Sw Em o \[/ / I
/)l e A T
40 Q
L 100 t 2 20 3 3 3. 4 4 8 S,
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March 7, 1993 Technology Development

Engine Name: Simplified, High Performance J-2

Class of Engine: Cryogenic Liquid Chemical

p==Technology Development




March 7, 1993 Advanced Development Plan

Engine Name: Simplified, High Performance J-2

Class of Engine: Cryogenic Liquid Chemical

p=—= Advanced Development Plan




Figure 78.

Output for Space Shuttle Main
Engine (SSME) Propulsion System

TA3-0315
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February 22, 1993 Background Information

s
Engine Name: Space Shuttle Main Engine
Class of Engine:  Cryogenic Liquid Chemical
= Background

The Space Shuttle Main Engines (SSME's) are reusable, high performance, liquid-propellant rocket engines with variable
thrust. They are ignited on the ground at launch and operate in parallel with the solid rocket boosters during the initial ascent
phase of the Space Transportation System, and continue to operate for a nominal 500 seconds total firing time. Each of the
engines has an expansion ratio of 77.5:1 and operates at a mixture ratio of 6:1. The engines are continuously throttleable over a
thrust range of 65 to 109 percent of the design thrust level (rated power level, RPL - 469,000 Ibf vacuum thrust). This
provides a higher thrust level during lift-off and the initial ascent phase and allows orbiter accelerations and dynamic pressures
to be kept within design limits. The engines are gimbaled to provide pitch, yaw and roll control during the orbiter boost
phases. Gaseous hydrogen and oxygen are tapped off the engine for pressurizing the external tank.

A staged combustion power cycle coupled with high combustion chamber pressures is employed. In the SSME staged
combustion cycle, propellants are partially burned at high pressure and relatively low temperature in the preburners, then
completely burned at high temperature and pressure in the main chamber before expanding through the high area ratio nozzle.
Hydrogen fuel is used to cool all combustion devices components which are directly exposed to high temperature combustion
products. An electronic engine controller automatically performs checkout, start, mainstage, and engine shutdown functions.

Input Notes:
The performance characteristics given here are for the Flight-Phase II Configuration.

Demonstrated life — The number of seconds shown represent all the components except the high pressure fuel turbopump
(HPFTP) and the high pressure oxidizer turbopump (HPOTP). The number is for the least demonstrated time among those
components. For the HPFTP, 95% of the components have been demonstrated for 15,000 seconds and the rest for 10,000
seconds. For the HPOTP, 83% of the components have been demonstrated for 15,000 seconds and the rest for 10,000 seconds.

LPFTP - low pressure fuel turbopump
HPFTP - high pressure fuel turbopump
LPOTP - low pressure oxidizer turbopump
HPOTP - high pressure oxidizer turbopump
MFV — main fuel valve

MOV - main oxidizer valve

FPOV - fuel preburner oxidizer supply valve
OPOV - oxidizer preburner oxidizer supply valve
CCV - coolant control valve

FBYV - fuel bypass valve

OBV - oxidizer bypass valve

MCC — main combustion chamber

= COmments

No Comments.

s References
Source: RI / RD87-142, CPIA/M5 (Oct 1985), Space Shuttle Orbiter Vehicle/Main Engine Interface Control
Document (ICD-13M15000, Rev. V7, Space Shuttle Main Engine Pocket Data (RSS-8559-10.

Date: 6-1-1991,10/85,13 July 1989, 22 August 1984
Entered by: J. A. McClanahan, Dan Levack




March 30, 1993

Propulsion System General Data

Creation Date

Modilfication Date

Record Number

[4/20/92 —] [3/29/93 ] [ 6]

Engine Name [Space Shuttle Main Engine |
Class of Engine [Cryogenic Liquid | [Chemical _ 1
Propulsion Type [Thermodynamic_Expansion of Hot Gas ]
Acronym [SSME _
Application [Eo |
Manufacturer [Rockwell international Corporation ]
Program Status [Space Transportation System, 4 Orbiter Fleet ]
Manrated [Yes |
|0C/Date Studied (Month/Year) (4-12-81 1
Mixture Ratlo — Engine/ Thrust Chamber  |__ 6.011 L 6.034

Propellants .

Oxidizer [Liquid Oxygen ]

Fuel [Liquid Hydrogen ]
Engine Deslign Life (Flights) B 1]
Restart Capability o i
Engine Cycle [Staged Combustion |
Nominal Chamber Pressure
Expansion Ratio
TVC Method _ |

== Dimensions
Maximum Length (Inches)

Maximum Width (inches)
Engine Mass (lbm)

168.00

6,979.00

= Engine Thrust Data, bt

o]
3

Yacuum
Nominal . 469,000
Maximum 418,304
Minimum




March 13, 1993 Engine Performance 1

Engine Name: Space Shuttle Main Engine

Class of Engine:  Cryogenic Liquid Chemical

== Propellants

Oxidizer [Liquid Oxygen
Fuel |U§uid Hydrogen

Mixture Ratio — Engine/Thrust Chamber

Nominal Chamber Pressure (psia)
Expansion Ratio
Engine Design Life (Flights)

I

Demonstrated

= Englne Thrust Data s
Engine S ]
Nomnal  [—_37s0ed [_%60.003 - —
Design
Maximum L 418304 | §12,300 Demonstrated
Minimum L 209,204 | 303,209 .
Thrust data In units of Ibf Engine Rellabllity, sec |
Design
== Throttle Ratio, Percent Demonstrated
Yacuum i
Maximum L 11139 | 109.00 == Nozzle Data
K ) —
Minimum L 56.10 [ 65.00 Type [ Bell, Tubular Wall
== Specific Impulse Data
Length (in
Sea Level Yacuum gth (in)
@Nominal Thrust — 362.45 [ 453.30] Dlameter (in)
@Maximum Thrust | 37037 [ 453.60 Throat Area (sq. in)
@Minimum Thrust [ 311.94 [ 452.19 Exit Area (sq. in)
Specific Impulse data in units of seconds Expansion Ratlo




February 22, 1993

Engine Performance 2

Engine Name:

Space Shuttle Main Engine

Total Mass wo/TVC

Max Gimbal Angle (deg)
Max Gimbal Rate (deg/s)

Class of Engine:  Cryogenic Liquid Chemical
== Engine Mass (Ibm) —TVC
Method [Gimbal I
Total Mass w/TVC
I Mass (Ibm) —— 1

= Engine Cycle s

Min Pump Inlet

Turbine Inlet

— 1

Type [Staged Combustion J
- Pressures
Oxidizer Turbopump Fuel Turbopump

Min Pump Inlet

Turbine Inlet

— 1

Pressures in psla

== Envelope
— Length

Nominal
Stowed
Extended

- Diameter
Nozzle Exit

Maximum
Maximum Gimbal

Maximum Gimbal

Envelope Dimensions in inches

== Engine Component Masses

POCO Systsm
Propellant Ducts
Pressurization Svetem
Other Engine Systema

Total Dry Weight




February 20, 1993  Start-Up/Shutdown Sequences

Engine Name: Space Shuttle Main Engine

Class of Engine: Cryogenic Liquid Chemical

= StartUp Sequence

e
"

{ ol 0 [
ST A
3 . \ jiVa
5 b <]

3 : - - X < ]
e I e
- P, J
i
1 B
L m':_"%_&.“n BT

- Shutdown Sequence

CLOSED-LOOP THAUST CONTROL
SHUTOOWN GLOSED-LOOP M/ CONTRGL
CONTROL T™™ED CLOMNG OF YALYED

mANS 110
‘: AN \,,-nw
N N N ooy
a ,,“\;'\ — £
R N it N \
» \ N '-.\\ \\
R \
5 ; N - \ \‘
" w‘/\ \‘\ 1
Py FrveT . \ .}\.T}-. FPPPTTTIT TOTTTeTTY \
oA L) - (V)




February 22, 1993

Start-Up/Shutdown Profiles

Engine Name:

Class of Engine:

Space Shuttle Main Engine

Cryogenic Liquid

Chemical

1

e Thrust Profile

100 l | 3.8 sec 102% oK 500
- —t =1
E ‘("gzn’;"c;g;@ 0% _| 4.15 sec 95%
3 80 — ‘ 394 spo90% 400
L] 3.0 sec 65% / N 3.85 sec 88% -
5 | 8 - Max
é 60 —+Mi nimum Buildup Time ] T =
1 ' ) 3.25 sec 60% o 300
3 2.4 sec 33% [ 1 'g
£ w0 ] b '(rgpcalisml%uggtn:» 2
erience - :
: 1.75 sec 3% e osted) ?a 200 /,Tvplcal
€ 20112538 R | 3
E ~ Maximum Bulldup Time E
0 it e F 100 41—\
o 05 1 15 2 25 3 35 4 45 5 N
Time from engine start (sec) Min /) \\
0 i
0 1 2 3 4 5 6
Time From Engine Cutoff Signal (sec)
p== Flowrate Profile
Oxidizer Flow
1000
800 \\
3 \WShmdown from RPL (100%)
® 600
=
2 \
€ 400 \
3 \ N Max
o
200 N >
NN
0
0 05 1 1.5 2 25

Time from Engine Shutdown (sec)




February 22, 1993 Start-Up/Shutdown Profiles

Engine Name: Space Shuttle Main Engine

Ciass of Engine: Cryogenic Liquid Chemical

mm |Sp Profile

480
|

il Thrust
460 e :

I
/ / Specific Impulse
440
420 //
400

380
|

360

Specific Impulse (Ibflbm) and Thrust (K Ibf)

0 40 80 120 160 200
Altitude (ft X 1000)

= Mixture Ratio Profile




February 22, 1993

Interfaces

Engine Name:

Class of Engine:

Space Shuttle Main Engine

Cryogenic Liquid

Chemical

p— |nteﬁaces#

175J

MPL
170 4 65%

L

165 -

Engine Inlet Temperature, ‘R

34.4
233

160

I )

Oxidizer

r
g
2
o
3
5
-
@
£
£
162 >
]
35

25 S0

150

I 4l,\fr 1 ' 1

175 200 225

Engine Inlet Tatal Pressure, psia

Fuel
30.7
zo.ls 3|5
MPL
65% 0 45
— 39
PL 109%
— 365
i
196 N
20.4
L] T L] Ll
20 30 40 50

Engine Inlet Total Pressure, psia

Pressure {psia)

3000

2500

2000

1500

1000

500

P

1 2 3
Time (sec)




February 22, 1993 Technology Development

Engine Name: Space Shuttle Main Engine

Class of Engine: Cryogenic Liquid

Chemical

Technology Development




March 27,

1993

Advanced Development Plan

Engine Name:

Space Shuttle Main Engine

Class of Engine: Cryogenic Liquid Chemical
e Advanced Development Plan
GO-AHERD l
4 M ENGNES
PP 7PPP P77 7 77777 ////////
//PERIODA DEVELOPMENT/ <>
A FUGHTS §1 34
FRST CDMPOAENT ARST CtR
RE TEST ENGNE
TST
2
AAd Y| Y @ENGNES
PP PPP7 727777777 7777 /// PW\SE 1] PHASEIH'
s s // ] [ oValen | pevecem
y Y- zammy ') Y )
PCF+4 FPLC+4 ol CERT ol+ CERT
wily ENGNE
PEROD B
PRODUCTION
2 (23 ENGINES
Yy yyvly 9 v+
PERIOD C +E
PRODUCTION
&
o1 ov-099 Ov-102 [Ov-108 Ov104
Y vy Y ¥ v
PERIODC
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| | | I
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Figure 79.

Output for RD-170 Propulsion
System

TA3-0316
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February 22, 1993 Background Information

Engine Name: RD-170
Class of Engine: Hydrocarbon Liquid Chemical
e Background

The RD-170 is the most powerful rocket engine currently in production anywhere in the world, and it is used as the strap-on
booster on the Energyia heavy-lift launcher and (in the RD-171 variant) on the first stage of the Zenit launcher. Itisa
4-combustion chamber engine driven by a single turbopump assembly.

Engine development was started in 1976 and the first flight of the RD-171 occurred during the first launch of a Zenit booster in
1985. The first flight of the RD-170 occurred in May 1985 as the booster engine on Energiya.

The West is aware of two successful unmanned Energiya launches, and one flight failure of a Zenit launcher is known to have
occurred in the fall of 1990, which is believed to be related to a failure of the RD-171 engine.

Reference Sources:

1. "RD-170--Super Powered Liquid Propellant Rocket Engine of New Generation", by F. Chelkis, obtained September 1990.
2. “The RD-170 Liquid Rocket Engine", NPO Energomash publication, undated.

3. Letter, F. Chelkis to W. Ezell, August 28, 1991.

4. Technology Detail Special Report 2, "USSR Rocket Engines, second edition", January 1992, by Technology Detail, 99
Kingsway North, Clifton, York YO3 6JH, United Kingdom.

s COMmMments meesssssse———— — _— -
References
Source: See “Engine Background”
Date: L

Entered by: [Jim Glass ]




March 30, 1993 Propulsion System General Data

Creatlon Date Modification Date Record Number
[12711/92 ] [B/29/93 ] l 7

Engine Name [RD-170 ]
Class of Engine |Hydrocarbon Liquid ] [Chemical ]
Propulsion Type [Thermodynamic Expansion of Hot Gas ]
Acronym [RD-170 (Russian Eesignation 11D0521) |
Application [Booster Engine for Energiya ]
Manufacturer [NPR Energomash ]
Program Status ﬁwo successful fTIghts, one flight failure |
Manrated |Yes (but not yet flown manned) ]
I0C/Date Studied (Month/Year) {(May 1987 |
Mixture Ratlo — Engine/ Thrust Chamber | 2630 | ]

Propellants

Oxlidizer  [Liquid Oxygen ]

Fuel |Kerosene ]
Engine Design Life (Flights)
Restart Capability l
Engine Cycle [Staged Combustion
Nominal Chamber Pressure
Expansion Ratlo

TVC Method [Gimbal

== DImensions
Maximum Length (Inches)
Maximum Width (Inches)
Engine Mass (Ibm)
= Engine Thrust Data, Ibf
Sea Level Yacuum
Nominal [ 1,630,545 { 1,776,926
Maximum L 1,719,391 [ 1,865,779
Minimum | 742,089 | 888,463




March 13, 1993 Engine Performance 1

Engine Name: RD-170
Class of Engine: Hydrocarbon Liquid Chemical
pum Propellants E— _
Oxidizer [Liquid Oxygen ]
Fuel [Kerosene |
Mixture Ratio — Engine/Thrust Chamber C—1

Nominal Chamber Pressure (psia)

Expansion Ratio
Engine Design Life (Flights) ——d Demonstrated

pm Engine Thrust Data
Sea Level Yacuum :
Nominal [_ies0s4g [_1.776.929 Englne Starts
_ Design [__:E
Maximum 1719391 | 1,865,773 Demonstrated — 19
Minimum C 742,089 | 888,463
Thrust data in units of Ibf Engine Rellability, sec 1
Design
= Throttie Ratio, Percent Demonstrated
Sea Level Yacuum i
Maximum L 11 105.09 = Nozzle Data
Minimum L | | 49.09 Type | — Bell with helical siotted liner]
= Specific Impulse Data
Sea Level vacuum Length (in)
@Nominal Thrust [ 309.24 | 337.00 Diameter (In)
@Maximum Thrust [ ] [ 1 Throat Area (sq. In)
@Minimum Thrust [ ] L i Exit Area (sq. in)
Specific Impulse data In units of seconds Expansion Ratio




February 20, 1993

Engine Performance 2

Max Gimbal Rate (deg/s)

Engine Name: RD-170
Class of Engine:  Hydrocarbon Liquid Chemical
== Engine Mass (lbm) = TVC
Method [Gimbal J
Total Mass w/TVC
Total Mass wo/TVC Mass (Ibm) C—— 1
Max Gimbal Angle (deg)

== Engine Cycle

Type |§taged Combustion J
- Pressures

Oxidizer Turbopump Fuel Turbopump

Min Pump Inlet Min Pump Inlet
Turbine Inlet ] Turbine Inlet 1

Pressures In psia
== Envelope

— Length - Diameter

Nominal 15§ Nozzle Exit
Stowed I Maximum 1
Extended C——1 Maximum Glmbal [ ]
Maximum Gimbal [ |

Envelope Dimenslons In inches

p= Engine Component Masses




February 20, 1993  Start-Up/Shutdown Sequences

Engine Name: RD-170

Class of Engine: Hydrocarbon Liquid Chemical

= StartUp Sequence

-—= Shutdown Sequence




February 20, 1993 Start-Up/Shutdown Profiles

Engine Name: RD-170

Class of Engine: Hydrocarbon Liquid Chemical

== Thrust Profile

== Flowrate Profile




February 20, 1993 Start-Up/Shutdown Profiles

Engine Name: RD-170

Class of Engine: Hydrocarbon Liquid Chemical

p==Isp Profile

Mixture Ratio Profile




February 22, 1993 Interfaces

Engine Name: RD-170

Class of Engine: Hydrocarbon Liquid Chemical

e nterfaces

1

Summary of Quoted Russian Values for Summary of Quoted Russian Values for
RD-170 Engine RD-170 Engline
Paremeter Vaiue Velus
Parmmeter Valus Valve
Motrie Englieh
Mefrio Englieh
Vecum Prst 2010 wanas forse ey
Charmiter prossurs 290 hgioq em 3.908.84 pois P 740 wnnes s (4 chamben) 1,431,404
Coom iniel pressere 420 kgt om [ Nominal saa-lovel X
Crichms (GG) consempion €311 hgs pes chambes 9800 e * Nosminal vamum Svest :A—m«w |.m:;='
Fus Prarosena) cormumplion 18475 kg por chasmber W Nowinal b o . 3.-.-:- 2083 A
Abwshan bt [T L X 7.90 hent sq. Naw